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FOREWORD 


The development of methods for measuring hydrogen ion concen¬ 
tration has led to many studies of the significance of variations of 
the hydrogen ion concentration of the blood in health and in disease. 
It seems desirable at this time to bring together the most important 
facts in a concise form for the use of clinicians and workers in our 
clinical laboratories. The importance of this is the greater since the 
study of hydrogen ion concentration serves as an introduction to the 
study of other ion activities in biological fluids, a field to which atten¬ 
tion is now being directed. 

This survey of the subject is not intended as an exhaustive review 
with critical analysis of all work on the subject. It is planned rather 
to include only that work, which carried out with the more recently 
developed technique, is at the same time accurate and of importance 
in clinical medicine. 




CHAPTER I 


GENE-RAL CONSIDEEATIONS 

The following discussion of the theoretical and practical considera¬ 
tions involved in the measurement of the hydrogen ion concentration 
and its significance in body fluids is intended only as a convenient 
outline for those readers whose interests have been clinical rather than 
physiological. The electrol 3 dic theory is utilized in its simplest form, 
regardless of the present question of complete and partial dissociation 
and we use the familiar term hydrogen ion concentration rather than 
the less familiar though more accurate term, activity. Only at one 
point in the paper have we used the term “activity”; namely in refer¬ 
ring to the Donnan equilibrium. In this instance it seems to us of 
especial importance to keep in mind the distinction between thermo¬ 
dynamic .activity and chemical concentration. 

In aqueous solution certain substances, adds, bases and their salts, 
are changed to greater or less degree, into components which carry 
an dectiic charge which are called ions. This process of electrolytic 
dissodation may be represented by the equation 

HA?iH+-fA- (1) 

This phenomenon is of the utmost importance in life processes and 
especially so in the complex mammalian organism because the proc¬ 
esses of digestion, respiration and excretion are all to a great extent 
concerned with substances which in solution dissodate into electro¬ 
lytes. Of immediate interest to this discussion are the addic and basic 
substances which are present in the body fluids. 

Two points are of espedal importance: (1) that this reaction is a 
reversible one and that the undissodated molecules are in continual 
equilibrium with the ions, and (2) the ions as well as the undisso¬ 
dated molecules for the piuposes of this discussion may be assumed, 
in the concentration met with in blood, to obey the law of mass 
action. 
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MEASURE OP ACIDITY IN SOLUTIONS 

In measuring the alkalinity or the aridity of any solution two 
factors must be considered, the quantity of the acidic or basic sub¬ 
stance and the intensity of the degree of acidity or alkalinity. The 
quantity factor is expressed in terms of the concentration of the 
substance in chemical terminology as the normality or the number of 
^am equivalents per liter. 

The intensity factor, the degree of aridity or alkalinity, often 
referred to as the reaction of the solution, depends upon the H+ and 
OH“ ion concentrations and is expressed usually in terms of the 
normality of hydrogen ions. 

A most important property of aqueous solutions is that the con¬ 
centrations of H+ and OH” ions are related to each other thus: 

[H+] X [OH-] - K, (2) 

where for any given temperature Kw is a constant and when [H+] 
increases [OH~J decreases and vice versa, so that it is possible at any 
one temperature to express both acidity and alkalinity in terms of 
either ion. It is usual to use the [H+] for this purpose and to speak 
of the hydrogen ion concentration of the solution. Throughout this 
paper we will use a bracketed chemical symbol to indicate the con¬ 
centration (or activity) of a substance in solution. 

The relation between the 'intensity and the quantity factor of 
nddity is analogous to the rriation between the intensity and quantity 
factors in electrical energy. Electromotive force is the intensity 
factor which determines whether or not current flows and the quantity 
factor, amp^e, is the measure of the total amount of ciurent. This 
relation may also be compared to differences between temperature 
and calories, or to the older analogy between the pressure of water, 
due to the height of the reservoir, and the content of the reservoir. 

Another interesting comparison between the intensity factors 
[H+] and t° is that the zone of [H'*'] compatible with life is as small 
compared to known [H+J concentrations as is the zone of temperature 
compatible with life to known temperatures. 

In biological solutions the normality of [H+J is so small that the 
fractional values are difScult to visualize. Furthermore, in deter- 
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mining and plotting [H+] values it is often convenient to use log- 
arithms. Soerensen (1909) therefore introduced the term pH as a 
convenient symbol for a measure of [H+] concentration, defined as 
follows: 

where “p” means “exponent” (potenz). 

The relation of pH to [H+] is most clearly shown by examples. 
An N/10 HCl solution, assuming it to be completely dissociated into 
H+ and Cl" ions, wiU also be tenth normal with respect to hydrogen 
ions, or 

[H+] - I/ION-O.IN- 1 X 10-‘N 
or 

its pH = 1.0 

In like manner the hydrogen ion concentration of a serum may be 
expressed thus 

H+ - 0.000,000,032 N - N = 0.32 N X 10-» N - ^ N -10-»-‘N 


or 

its pH = 7.S 

In using pH it is necessary to remember that change of 1 pH unit 
indicates a 10-fold change in H+ concentration, that increase in pH 
means decrease in [H+] and that pH 7.0 at 20° and 6.8 at 38° represent 
neutrality. Thus a decrease of pH from 7.4 to 6.4 means that the 
H+ concentration has become 10 times greater, and that at either 20° 
or 38° the solution instead*of being slightly alkaline, has become 
slightly add. 

RELATION BETWEEN [h+] AND GRAJI EQUIVALENT NORMALIOnf OP ACID 

CONCENTRATION 

Since [H'*'] is the measure of the intensity factor, and titration of 
the quantity factor, it follows that for any solution the difference 
between these two measurements is dependent upon the degree of 
dissodation. With an almost completely dissodated add, as tenth or 
hundredth normal HCl solution, the two measurements expressed in 
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nortnalities agree but in the case of many adds as carbonic, phos¬ 
phoric, acetic, etc., the dissociation is low and the [H**"] normality is 
therefore only a small fraction of the gram equivalent normality of 
total add concentration. 

In such solutions therefore the titration values give no indication 
of the actual concentrations of the solutions. 


RELATION OE [h+] TO BUFFER EFFECT 


Let US now compare the effect of adding strong add to solutions 
of salts of strongly and weakly dissociated adds. If we add 1 cc. 
of N /10 HCl to (1) a liter portion of 0.15 N sodium chloride 
(physiological saline) and ( 2 ) to a liter portion of 0.15 M sodium 
phosphate solutions both at neutrality (pH ~ 7), the resulting pH 
of the NaCl solution will become about 4, a 1000 -fold increase in 
addity, while the pH of the phosphate solution will be practically 
unchanged. The importance in biology of substances, whose solutions 
show comparatively small changes in [H+] with large addition of add or 
alkali was pointed out by L. J. Henderson (1908) and to them Soeren- 
sen (1909) gave the name ''buffer’’ substances. 

The hydrogen ion concentration of body fluids in general and of the 
blood in particular is kept within rather narrow limits by means, in 
large measure, of such buffer systems. In the blood the systems are 
in order of importance, hemoglobin add and its salt, carbonic add 
and alkali carbonate, serum proteins and their salts, and monobasic 
and dibasic phosphate. In this discussion the proteins induding 
hemoglobin will be considered to be dissociated as weak adds (see 
Loeb, 1922). The [H+] of a mixture of a weak add with its salts may 
be calculated by the equation 

0 ) 


Thtis for serum 




[H,CO,] 

[BHCO,] 




[BHiPOj 

[B.HPO 4 ] 


(4> 


where E 4 and represent the dissociation constants for the indi¬ 
vidual systems and B represents sodium or potassium. 

In logarithmic form this may be written to include also proteioi 
as follows: 
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[BHCOa] [BsHPOj 

pH « pKi' + log = pKa'+ log “ pi + 

P P^i T 5 [HaCOj] ^ ® IBHiPOJ ^ ^ 

[BPr] 

PCPrl 

(4a) 

The expression 


(4b) 

is a rearrangement of Van Slyke’s buffer equation 



CBPr] = /3[Pr] (pH - pi) 


(4c) 


where [BPr] » milli-eqiiivalents of base bound by protein. 

jS = the buffer constant for the particular serum or blood; the change 
in milli-equivaJents of base bound by 1 unit of [Pr] for 1 unit ApH. 
[Pr] =* the concentration of protein for the serum or blood. For serum protein 
the unit of [Pi] is 1 gm. For hemoglobin it is 1 millimol. 

[pi] =» an empirical constant that for a single protein is close to but not 
necessarily identical with the pH at the isoelectric point. 


L. J. Henderson (1908) first showed that the carbonate and phos¬ 
phate equilibria of this equation are applicable to the blood system. 
In 1916, Hasselbalch used the equation in the logarithmic form and 
gave values for pK' in the following equation: 


pH^ 




1 > 
. [HjCO,] 
■[BHCOjy 


log 


/ JbhcoA 

^ [H.CO.] 

^ / 


pK' + log 


[BHCX).] 

[HiCO,] 


(S) 


Several relations, of especial importance in blood may be deduced 
from the above equations. First, for a given [H"*"] the ratios of acid 
and salt components to each other are fixed for every system. 
Secondly, if the ratio for any one S 3 ?stem can be determined and if the 
K values are known the value of [H+] as well as of all the other ratios 
can be calculated. This fact is the basis for the calculation of pH or 
of pCOa or [HaCOa] when one of these and total [COa] are known. 

A third fact is evident from (4): that [H+] is not dependent upon 
the concentration of the buffer substance but upon the ratio of con¬ 
centration of its two components. This is discussed more fully under 
“Alkali reserve.” 


TTTF ACID BASE BAIANCE OP TBE BLOOD 

The reaction of the blood is maintained within narrow limits by a 
remarkable adjustment to varying conditions. The daily metabolism 
involves the ingestion of varying quantities of acid and basic salts, 
the production in metabolism of tremendous quantities of acids and 
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bases, espdally HjCOs and NHs and the neutralization and excretion 
of these products. The ph 3 ^ioIogical and chemical mechanisms of 
these processes have been reviewed thoroughly recently by L. J. 
Henderson (1921), Van Slyke (1921a, 1921b), Barcroft et al. (1922) 
and Wilson (1923) so that we need only refer briefly to factors which 
are of importance in abnormal conditions. 

Under normal conditions the reaction of the blood is stabilized 
through three main processes in addition to the effects of its buffer: 
excretion of the non volatile adds and bases through the kidn^, 
change in the base binding properties of hemoglobin with oxygenation 
and reduction, and excretion of carbon dioxide through the limgs. 

The first process is slow compared with the almost instantaneous 
adjustments secured by the last two. 

The amounts of CO 2 formed in the tissue and transmitted to the 
circulating fluid is so great that if only the buffer action of the blood’s 
buffer systems were Available the resulting reaction would pass 
beyond the limits of addity compatible with life. However, oxyhemo¬ 
globin is a stronger add than reduced Hb so that as Hb is reduced, 
which occurs coinddently with increase of CO 2 , some of the base B 
bound with it as BHb02 may combine with H 2 COj. This process is 
reversed in the lungs, thus: 


Tissue: BHbOx + HjCOa —*• BHCOj + HHb + Oi 
Lung: BHCOj + HHb + Oj —» BHbOa + ELCOj 

HjCO, 


«5) 

(7) 


By such a mechanism the ratio of is tspt approxdmatfely 


constant (within 0.03 pH) and at the same time the transfer of oxygen 
is aided. That each of these processes facilitates the other was 
pointed out by L. J. Henderson (1921). 

From the viewpoint of add base balance it is important that a 
certain amount of base is in a labile condition and can be exchanged 
between CO 2 and Hb in respiration. 

In the red blood cell this interchange may take place directly, but 
since ndther sodium nor potassium diffuses through the cell wall, to 
any appredable extent in this exchange, the exchange between cells 
and serum must be indirect. It is accomplished by the transfer of 
Cl“ and H+ ions between cell fluid and senun fluid. Thus: 


cdl serum 

ka+HHb-hOj ^ KHbO,+H*-+Cl- -t-NaHCOgVi NaQ + HjCOj (8) 
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ALKALI RESERVE 


[H,COJ , 


The importance of the system [gjjcQj’ “ serving as the first line 

of defence against abnormal adds, lies in the ease with which excess 
H2C0» may be excreted through the lungs. As has been pointed out 

CSiCOJ 

in discussing equation (S) the concentration of the system 


may be changed so long as the ratio is constant, without change in pH. 
Thus whenever base is needed for neutralization of a stronger add HX 
it can be furnished by the BHCOs. 

BHCO, + HX = BX + HiCO, (9) 


and the freed H 2 COS can be removed by increased respiration. Excess 
of alkali may be met by the teverse process of decreased CO 2 elimina¬ 
tion. The BHCOj concentration in normal venous blood is main¬ 
tained at between SO and 70 vols. per cent of CO 2 . The base of this 
BHCOj constitutes the alkali reserve against abnormal add. The 
determination of the [CO 2 ] of blood therefore serves as the most con¬ 
venient means of measuring this allrali reserve. Since the amount of 
total CO 2 thus bound is dependent upon the pC02, Van Slyke and 
Cullen (1917a) used the CO 2 capadty (the total CO 2 content after 
exposure to normal PCO 2 ) as the measure of the alkali reserve. More 
recently Van Slyke (1921b) and the present authors have expressed 
the alkali reserve as the BHCO* content at constant pH. 


CO 2 ABSORPTION CORVES 

The influence of the total buffer systems of blood is most dearly 
shown graphically by CO* absorption curves. Two types of curves 
are generally used. One is with [BHCO*] or total [CO 2 ] as the ordinate 
and pCO* as abscissae. Such a curve, introduced by Bohr, was used 
in a very convenient graph by Haggard and Henderson (1919) 
giving both pH and [H 2 CO 8 ] values in addition. 

In such a graph the difference in [BHCO*] with change in CO* 
tension is the measure of the buffer exchange of base with change in pH. 

For many purposes a graph using [BHCO*] and pH as coordinates 
is preferable. Such a diagram is that shown in figure 2 which is 
adopted from Van Slyke’s (1921b) chart. We have added to Van 
Slyke’s diagram lines indicating CO* tension (Cullen and Jonas, 1923). 
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These curves indicate at once various conditions possible in the 
blood add base system. Henderson, Bock, Field and Stoddard 
(1924) have recently given examples of many possible combinations 
of curves useful in studying the blood electrolyte equilibrium. 

INFLUENCE OF SALTS AND PROTEINS ON THE ACID BASE EQXnXIBRIOM 

The salt systems constituting the buffer systems in the blood com¬ 
prise only one-fifth of the total salt concentration of the serum or 
blood. The total monovalent salt concentration in normal serum is 
from 0.15 to 0.16 N. (15-16 miUimols). The variation in neutral 
salt content in the serum and tissue fluids is probably not enough 
to materially affect the pH of the fluids through change in the salt 
effect upon dissodation. Variation in the content of the proteins alters 
the buffer content of the blood but not significantly the various 
dissodation constants. 

However, changes in total salt and protein concentration in serum 
and cell fluid cause shifts m the distribution of the ions, through the 
change in water content, in osmotic pressiure and in the Donnan 
equilibrium. 

The Donnan theory of membrane equilibrium states that when two 
solutions a and b, separated by a semi-permeable membrane, contain 
both diffusible and non diffusible ions, the diffusible ions distribute 
themselves thus: * 

^ [B^b 

[A]b “ [A']b * [Bja “ [B']a 

Where A and A! represent any two spedes of univalent anions and 
B andB' any two spedes of univalent cations. The brackets indicate 
^'activities”, i.e., the concentrations which the substances woxild have 
in “ideal” ^(Autions in order to give the observed hermodynamic 
effects, osmotic pressure, etc. Applied to the serum cell s}rstem we 
have: 

[Cl-]3 [HCO-,]s ^ 

[a-Jc [HCO-.jc" [H+]a 

The combined effect of water shift and Donnan equilibrium has 
been discussed by Warburg (1922) and by Barcroft et al. (1922). 
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More recently Van Slyke, Wu and McLean (1923) and Henderson, 
Bock, Field and Stoddard (1924) have added more data and discussed 
extensivdy the question of electrolyte equilibrium as applied to 
blood. 


RELATION BETWEEN pH OE BLOOD AND SERtTM 

Blood is a heterogenous system of serum and cell phases. Each 
of these phases, to be strictly accurate (Warburgj 1922; Van Slyke, Wu 
and McLean, 1923) may be subdivided into protein and water phases, 
but for this review we wiU consider blood only as divided into serum 
and cell phases. 

Parsons (1917) pointed out that all pH measurements made on 
whole unhemolyzed blood were in reality measurements of pH of 
serum, and that all the values reported in the literature determined 
by electrometric methods on blood represented the pH of the serum 
of the reduced blood. He further showed in association with Barcroft 
and others (1922) that the pH of the serum of completely reduced 
blood is about 0.05 pH less add than the serum of the blood com¬ 
pletely oxygenated at the same COa tension. This indicates a serum 
pH difference between ordinary venous and arterial blood of about 
0.02 pH at the same pCOa. 

Whenever the term “pH of blood” is used it must be understood to 
mean the pH of the blood serum. 

pH op red blood cells 

Hie blood cdls are more add than is the serum (Warburg, 1922; 
Van Slyke, Wu and McLean, 1923; Henderson et al., 1924) by from 
0.08 to 0.14 pH at normal serum pH. 

Little is known of the actual change in reaction of the blood cells 
but it exerts an influence on electrolyte and water distribution between 
cells and serum. With change in anion (Cl~ and HCO's) and H+ 
concentration, water is shifted between cells and serum thus changing 
the cell volume. 

RELATION BETWEEN [bHCOs] OP BLOOD AND SERUM 

The [BHCOa] of serum is higher than that of the cells and therefore 
higher than the [BHCOs] of whole blood. The determinations of 
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total [COJ can be made on either whole blood or serum. The relation¬ 
ship between the [COa] of serum and of whole blood is dependent upon 
the pH of the serum and upon the cell volume. In considering the 
relation between [BHCO»] of serum and cells it must be remembered 
that Na and K ions under ordinary conditions do not diffuse between 
cells and serum. The shift of base with change in oxygenation and 
reduction of hemoglobin in the cell results (see equation (8)) in a 
migration of Cl~ HCO~» and H+through the cell wall and in the serum 
an exchange of base between Cl~ and HCOf. This changes the 
relative osmotic concentration in cells and serum and involves a water 
shift between serum and cells. The relationship between serum and 
whole blood [BHCOa] has been studied and reviewed recently by 
Warburg (1922)^by Peters and his associates (1923,1924) and by Van 
Slyke, McLean and Wu (1923). 

Another relationship that is of interest is that between total [CO 2 ], 
the value actually determined by CO 2 analysis, and [BHC02]. The 
difference between these two quantities is commonly written as 
[HaCOs] in solution and can be calculated if either pCOa or pH is 
known. This relation is discussed later. 

At normal pH of 7.3 to 7.4 the [BHCOs] represents about 95 per cent 
of the total [COa]. 

In studying variation in the acid base equilibrium for clinical and 
physiological purposes, it is most accurate and convenient to use 
plasma or serum for both pH and [COa] since the influence of any 
change in cell voltune is eliminated. 

pH op sebum OB plasma 

For most studies of add base balance, plasma from 0.3 per cent 
oxalated blood, and serum may be considered interchangeable, 
although, as pointed out by Warburg (1922) excessive amounts of 
oxalate shift the electrolyte between cell and serum and Hooper, 
Smith, Belt and Whipple (1920) demonstrated significant changes 
in cell volume arising from dry oxalate used as an anticoagulant. 
However, plasma is perhaps preferable for colorimetric determina¬ 
tions (see Methods). 



GENERAL CONSIDERATIONS 


11 


REGULATION OE pH OF BLOOD 

The manner in which respiration, by increase or decrease of CO 2 
tension serves as a mechanism by which the reaction of the blood may 
be maintained within its normal range, is outlined above in the dis¬ 
cussion of the buffer system. The nervous control of this mechanism 
is located in a respiratory center of the brain. For many years it was 
thought that the CO 2 tension was the sole chemical factor that con¬ 
trolled respiration, then with knowledge of the constancy of the pH 
of the blood, and following the experiments of Hasselbalch and 
Lundsgaard (1912) it was generally accepted that it is, the pH of the 
blood which acting upon the respiratory center controls respiration. 
More recently a different point of view has come to be held (Scott, 
1918; Jacobs, 1920; Gesell, 1923; Cullen, Austin et al., 1923; Cullen 
and Jonas, 1923; Van Slyke, Hastings, Murray and Davies, 1924). 
The last mentioned workers conclude 

^^that when the respiratory mechanism is normal increase in alkaline re¬ 
serve is only partially compensated by increase in CO 2 tension so that in¬ 
crease in pH also occurs. In the same way decrease in alkaline reserve is 
accompanied by decrease in pH. There is a decrease in CO 2 tension but not 
sufficient to prevent pH change. The usual percentage change in hydrion 
concentration is about twice that in CO 2 tension. The arterial CO 2 tension 
is kept normally between 35 to 45 mm,, which is a much narrower range 
than would be necessitated for the maintenance of normal pH. The 
conception of the CO 2 tension as a factor physiologically important only 
from its relationship to blood pH is not consistent with these facts. When 
conditions force the organism to choose between change in CO 2 tension and 
change in pH it tends to compromise between the two, and acts in a manner 
to indicate that maintenance of normal CO 2 tension is in itself an important 
factor.’’ 

Possibly it is the reaction of the respiratory center as distinct from 
that of the blood, which is the important factor in control. In addi¬ 
tion disturbances in the nervous mechanism may change the response 
to chemical stimulation Q. S. Haldane, 1922). The normal phy¬ 
siological variation in serum between arterial and venous blood 
during respiration amounts to about 0.04 pH and about 7 mm. of 
PCO 2 (see charts No. 116 and No. 119 of Henderson et al, (1924)). 
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Nobmal pH Vaxttes 
pH op NORMAt SEEtnil AND PLASMA 

The range of normal variation in serum pH was given by Van Slyke 
(1921b) as pH 7,3 to 7.5. Cullen and Robinson (1923) studying nor¬ 
mal students with the colorimetric method found a variation from 
7.28 to 7.41. An but two, 7.28 and 7.41 fell within the limits 7.40 
to 7,30. 

Bigwood (1923) with another series with the same method confirms 
this variation of 7.30 to 7,40. Myers and Booher (1924), using the 
same dilution but reading the determination in Myers colorimeter 
found the limits of normal pH to lie between 7.35 and 7.43. However, 
Koehler (1923) and Marrack and Boone (1923) found somewhat higher 
normal pH values as do Hastings, Neill, Morgan and Binger (1924) 
in arterial blood. The values of Chambers and Kleinschmidt (1923) 
are much lower and must represent a different pH standardization. 
We have taken for this review the normal outline indicated in figure 1 
with pH range from 7.30 to 7.50. 

In the observations of Cullen and Robinson the zone 7.30 to 7.40 
was found normal not only for various individuals but for a single 
ittdividual. That is, the pH of any individual might on successive 
days vary between 7.30 and 7.40. 

Drucker and Cullen have developed a technique for taking capillary 
blood from the heel of infants or the ear of adults without loss of 
CO», using Hawkin’s modification of Cullen’s method for pH and 
employing 0.25 cc. of blood. They find the pH of normal infants’ 
capillary blood to lie between 7.34 and 7.44. Since the capillary blood 
has been shown by Lundsgaard to approximate arterial blood in 
composition its pH will be about 0.03 more alkaline than venous blood. 
The range observed, therefore, is similar to that formd by Cullen and 
Robinson for adults. 
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Fio. 1. Normal Plasma [COj] and pH Values 
e • Cullen and Robinson (1923), 

X- X Marrack and Boone (1923). 

H-h Myers and Booher (1924). 

A Koehler (1923). 

■-■ Hastings, Neill, Morgan and Binger (1924); [COi]s values raised from 

blood to serum values but not corrected from arterial to venous values. 

®-o Chambers and Kleinschmidt (1923). 

Values taken as normal for purposes of this revievr. 
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pH op body PLcriDS other than serum 

As stated by Van Slyke (1921b) our limited knowledge of body fluids 
indicates that eztracellular fluids have approxhnatdy the same pH as 
serum. Parsons and Shearer (1920) report that the pH of cerebro¬ 
spinal fluid is that of normal plasma pH. Boots and Cullen (1922) 
found in nonpurulent joint exudate in rheumatic fever pH values of 
7.3 to 7.4. In this laboratory we observed the same pH for edema 
fluid and blood serum. 

pH of purulent fluids. Whenever the pH of purulent fluids has been 
measured it has been found more acid than the serum. In purulent 
joint exudates Boots and Cullen (1922) found pH of 6.40. Lord has 
reported pH of 6.8 to 6.2 in consolidated portions of lungs in lobar 
pneumonia. This range has also been observed by Avery and Cullen 
(unpublished). 

Intracellular pH, Little is known of intracellular reaction other 
than that of the red cells which is estimated by Warburg (1922) and 
by Van Slyke, Wu and McLean (1923) for normal serum pH of 7.4 
to be 0 08 to 0.14 pH more acid than serum. Probably other intra- 
cdlular fluids vary, at least as much from that of serum. 

pH of secretions. It is interesting that the cells of the body although 
bathed with fluid of such constancy of pH as serum, can function in 
contact with a very high degree of acidity. The pH of gastric juice 
may be less than 2. The pH of urine ranges from S.O to 8.5; duodenal 
fluid may have a pH over 8.0. Saliva has a normal pH of j6.7 (Starr, 
1922). 



CHAPTER m 


pH 07 Plasma in Disease 

ABNORMAL ACID BASE BALANCE 

The tenns acidosis and alkalosis, common in clinical usage, are often 
used by different individuals to describe entirely differentconditions. 
Because the first recognition of abnormal acid base balance came 
through the knowledge that in diabetes abnormal metabolism resulted 
m the excretion of aceto-acetic add, /S-oxybut 3 nic add and acetone, 
the term acidosis is often used to describe dther a ketonuria or a 
ketonemia. The term acidosis has been applied to the following 
conditions, (1) acetone bodies in the urine (2) acetone bodies in the 
blood, (3) decreased alkali reserve, (4) decreased COi tension of 
alveolar air, (5) and decreased pH of plasma. 

This confusion is well recognized in physiological work and various 
attempts have been made to establish a more precise terminology. 
Van Slyke (1921b) in his review of abnormal and normal add base 
balance divided the possible conditions of abnormality into eight groups 
which are best visualized from his diagram which is used with slight 
relocation off the normal area as the basis of figure 2. 

The Report on Addosis of the British National Research Council, 
proposes the terms alkalosis and acidosis to indicate high and low 
levels of [BHCOs] and alkalemia and acidemia to indicate high and low 
pH. Hasselbalch, Haldane, Van Slyke and the present authors (in 
studjdng the addosis of anesthesia) have used “true acidosis” to 
mean coinddent abnormally low pH and [BHCOs]. 

It is probable, however, that no general usage for the term acidosis 
can be agreed upon and it is therefore better to avoid the term 
wherever possible or else to state the exact sense in which it is used. 

For the present it is best to state the conditions of the add base 
balance in terms of two of its factors; either in terms of Van Slyke’s 
nine areas, or perhaps simply as an add base condition of 7.4 and 
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50, indicating pH, = 7.4 and [COj]» =» 50 volumes per cent. The 
tenn “A.B.C. (add-base condition) of 7.4 and 50” might supply the 
need for an easily handled term. The nature of the coSrdinates 7.4 
and 50 make confusion between them impossible. Whatever the 
terminology, it is evident that determination of only one of the three 
variables pCOj, pH or [CO 2 ] is not sufddent to determine the add base 
condition. 

The studies of the alkali reserve of the blood in disease are much 
more numerous than those dealing with direct measurement of the pH 
of the plasma. Simultaneous studies of COj tension and CO 2 content 
of the plasma in disease from which the pH can be calculated are also 
rare. 

Accumulation of adds other than HCO 7 in the blood with depletion 
of the blood bicarbonate has been described as a rule as occurring at 
first without change in pH and only after considerable reduction in the 
bicarbonate to be Msodated ■with a more add serum pH. Such a 
course of events is approached in the addosis of fasting, diabetes and 
nephritis in figure 2. The compensated stage of alkali defidt was 
believed to be brought about through a response of the respiratory 
center to an unmeasurably small diminution in pH with consequent 
stimulation of pulmonary ventilation, and consequent diminution in 
pCOi in alveolar air and arterial blood just suffident to secure an 
almost proportionate reduction of bicarbonate and of CO 2 tension 
with almost constant pH. 

Only when the respiratory mechanism fails to function adequately 
and to compensate was change in pH believed to occur. With the 
introduction of Cullen’s (1922) method for direct measurement of the 
pH of serum or plasma as dra-wn and the application of this method to 
disease we are recognizing, however, that fall in plasma bicarbonate 
due to introduction of other adds, is often assodated throughout its 
course with rise and fall of pH as indicated by the numbered arrows in 
figure 2. E'vidence for this is to be found in the studies we describe 
of add and alkali administration, of anesthesia, of exercise and radia¬ 
tion. This beha'vior of blood reaction has a bearing upon the studies 
of the regulation of the respiratory center and the rdative importance 
of pH and of pCOa in this regulation. This has been previously dis¬ 
cussed. 
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EXCESSIVE INTRODtrCTION OP ACIDS 


Many expeiimental studies have been made upon the effects of add 
fed by mouth or administered intravenously. The effect, we have 
observed in the dog, from injecting HCl, HaP 04 , NaH 8 P 04 and lactic 
add is shown in table 1. These injections were made under local 
anesthesia mto the vein (in one case into the heart) using M HCl, 
M/10 H 8 PO 4 , M/10 NaHJP 04 and M/1 lactic add. 

The changes in pH and [BHCOa] are shown in table 1. The direc¬ 
tion and magnitude of the changes in the add base equihbriiun are 
shown by the numbered arrows in figure 2. 

The apparently less marked effect of H 8 PO 4 on the [BHCOs] and its 
greater effect on pH is due to the large amount of add injected leading 
to almost complete disappearance of BHCOs from the blood. The 


TABLE 1 


ACID 


HCl. 

Ha. 

HCl. 

HJ>04. . . 
NaHaPO* 
Lactic... 


CONCENTRA¬ 

TION 

AMOUNT 
INJECTED 
TER KUO 

time oe 

INJECTION 

a [ bhco 8 ] 

PER MUXI- 
MOLBOE 
ACIDPER 
KILO 

A [ pH ] 

pERunxi- 

UOLE OE 
ACID PER 
KILO 

U 

wM. 

minutes 

mMn 


1.0 

2.2 

10 

- 6.0 

- 0.11 

1 0 

2.2 

10 

- 7.0 

- 0.06 

1 0 

1.4 

6 

- 6.0 

- 0.06 

0 1 

4 9 

49 

-4 0 

- 0.16 

0 1 

4 9 

52 

- 2.0 

- 0.03 

1 0 

2.2 

6 

- 2.0 

+0 01 


less pronounced effect of NaHsP 04 both on bicarbonate and pH is to 
be expected. The absence of effect of lactic add on pH is, however. 

IsLctiiC SLcid 

interesting. At the pH of blood the ratio of ,. , ^ is about 

sodiiim lactate 


, taking the dissodation constant of lactic add as 1.38 X 10~* 

ozuu 

(Landolt-BSmstein 4th edition p. 1147). The markedly diminished 
effect of lactic add per millimole on the bicarbonate as compared with 
HCl is therefore not to be expected except as a result of disappearance, 
of the lactic add, as for instance, by synthesis to glucose or as a result 
of its wider distribution in the body fluids as in the case of bicarbonate, 
later described. 
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When HCl is given by mouth the change in plasma bicarbonate and 
pH depends on the relative rate of absorption and of compensating 
excretion. In the observation of Gamble and Ross (1923) the ad¬ 
ministration to a child of 17 mM. per kilo of HCl in 2 days lowered the 
plasma bicarbonate 9 mM. and the pH 0.17. Haldane (1923) and 
Gamble and Ross (1923) pointed out that the ingestion of ammonium 
chloride in man causes marked and prolonged acidosis, due pre-^ 
sumably to conversion of part of the ammonia into urea, thus freeing 
the add which had been combined with it. The addosis is shown by 
fall in the plasma COj capadty and fall in the alveolar pC 02 . There is 
a roughly commensurate increase in the rate of add plus ammonia 
excretion in the urine, the ratio between the increase in add and 
increase in ammonia being dependent upon the phosphates available 
for excretion. As addosis continues the phosphate excretion falls, 
and at this time a glucose tolerance test produces greater rises in blood 
sugar. The fall in plasma bicarbonate is replaced almost molecule 
for molecule by chloride in Haldane’s studies. 

CaCb ingested causes similar change in 'the plasma bicarbonate and 
chlorides as shown by Gamble, Ross and Tisdall (1923). The Ca++ 
is mainly excreted as CaCOs in the feces and the Cl~ is absorbed, 
replacing HCOT and causing true addosis with low pH and low 
[BHCOj]. 

Both NH 4 CI and CaCb are powerful diuretics. Haldane produced 
a fall in weight of 7ipotmds in three days after 65 grams of NH 4 CI and 
a rise in hemoglobin of 20 per cent even although he drank water 
freely; and Levy noted a similar increase in serum protein after CaCb 
ingestion. During NH4CI ingestion Haldane observed the following 
urinary excretions expressed in percentage of tjhe normal values: Na 
250 per cent, K 520 per cent, Ca 330 per cent, P 180 per cent. The 
diuresis and the salt excretion are attributed by Haldane to the fact 
that the colloids of the body, being brought nearer their isoelectric 
point by the fall in pH, retain less water and base. 

The serum Ca has been formd by Haldane (1924) to increase 10 
per cent following NH4CI ingestion. CaClj ingestion can cause an 
increase of 25 per cent in serum Ca. Sodium bicarbonate conversely 
lowers the serum Cla 10 to 20 per cent. Ammonium chloride has been 
used in the treatment of tetany by Freudenberg and Gyorgy and in 
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lead poisoning by Aub and his associates with striking effect. In 
infantile tetany the s 3 miptoias vanish in a few hours and satisfactory 
results have also been obtained in gastric tetany and post operative 
tetany. In a series of infants treated with 0.5 gram per kilo per day 
•of ammonium chloride the serum calcium rose from a mean value of 
6.6 mgm, per 100 cc. to 8.9, the phosphorus falling from 4.9 mgm. 
' per 100 cc. to 2.9. GoUwitzer-Meier (1924) has reported a fall in 
plasma bicarbonate after intravenous ingestion of MgCl* in rabbits. 


EXCESSIVE INTRODUCTION OP BASE 


Introduction of base into the body increases ffie bicarbonate of the 
blood and the pH. Oral bicarbonate administration in human beings 
.has been found by Pahner and Van Slyke (1917) to raise the bicarbo- 
inate of the blood according to the assumption that the body contains 
70 per cent of fluid and the bicarbonate is distributed throughout this 
fluid. According to this assumption the following equation was calcu- 

38g 


lated. Increase in plasma CO 2 in volumes per cent 


W’ 


g bemg 


grams of sodium bicarbonate admiiiistered and W the body weight in 
kilos. Or this may be stated that for each mM of bicarbonate admin¬ 
istered per kilo, the increment in serum bicarbonate is 1.43 mM. This 
-indicates a much wider distribution of the orally administered bi- 
•carbonate than of injected HQ or H 8 PO 4 in our experiments described 
Above. In our experiments with intravenously injected HQ the effect 
is as if distributed in 1/6 or 1/7 of the body weight instead of in 70 
per cent of the body weight. The direction clf the change in the acid 
base equilibrium following alkali administration is shown in figure 2 . 


EXCESSIVE LOSS OP ACID PROM THE BODY 

Loss of HQ from the body such as occurs in pyloric obstruction 
.also gives rise to increase in plasma bicarbonate (MacCallum ^ al. 
1920; Hastings, Murray and Murray, 1921; Grant, 1922), although 
Tin the experimental studies of Hastings, Murray and Murray the rise 
in bicarbonate was not associated with any significant rise in pH. 


RENAL DISEASE 

Since the elimination of add from the body is chiefly by CO 2 elimina¬ 
tion through the lungs and by excretion of other adds as add phos- 
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phates and combined with ammonia through the kidneys, it might be 
expected that impaired renal function would induce acidosis. 
Nephritis and other forms of renal disease associated with impairment 
of renal function do as a matter of fact give rise to disturbance of add 
base equilibrium. Wallace and Pellini (1921) point out, however, 
that double nephrectomy does not produce addosis in animals and 
therefore attribute the addosis of nephritis to some other factor than 
mere impairment of add excretion. Lepine (1879) and von Jaksch 
(1888) by titration of the ash of blood demonstrated a diminished 
alkalinity in the blood of uremics. Straub and Schlayer (1912) 
measured the CO 2 tension of the alveolar air in dght cases of uremia 
and found in the patient with highest values 34 to 39 mm. pCO* and 
in the patient with the lowest, 11 to 17 mm. On the basis of this and 
the hyperpnea of uremics they suggested that add intoxication is a 
factor in uremia. Von Hoes^ (1912) pointed out the influence of 
alkali administration in diminishing the albuminuria and cylindruria 
in some cases of nephritis and called attention to the difference in 
amount of alkali necessary to change the reaction of the urine in differ¬ 
ent cases. SeUards (1912) introduced the measurement of the amount 
of NaHCOs necessary by mouth to render the urine alkaline as a test 
for the detection of addosis and foimd that whereas 5 grams by mouth 
suffices in the normal individual, this dose was effective in only one out 
of nine patients with chronic diffuse nephritis and two patients 
tolerated 60 and 130 grams respectively intravenously and still 
excreted add urine. Palmer and Van Slyke (1917) showed that the 
depletion of the alkali reserve could be better gauged by noting the 
amount of alkali that must be administered to cause excretion of a 
less acid urine rather than of an alkaline urine. 

Peabody (1914, 1915) showed that as chronic diffuse nephritis in¬ 
creases in severity as measured by impairment of phthaleia excretion 
and retention of non-protein nitrogen in the blood there appears at 
first little or no evidence of addosis, then an increase in Sellard’s tol¬ 
erance to alkali and finally in advanced cases, verging on uremia, a 
diminution in the alveolar CO* tension which in the terminal stages of 
uremia may be very marked. He noted there was not a strict parallel¬ 
ism between the other evidences of impairment in renal function and 
the degree of addosis but only a general tendency for both to become 
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maxked in advanced cases. The dyspnea of cardiorenal disease also 
was commonly more marked than could be accounted for merely by the 
acidosis. Lewis and his coworkers (1913), and Palmer and Henderson 
(1913) came to substantially these conclusions. Chace and Myers 
(1920) using the method of Van Slyke and Cullen (1917) for the COj 
capacity of the venous plasma similarly demonstrated this acidosis. 
Howland and Marriott (1916) demonstrated an increase in the phos¬ 
phate of the serum in nephritis with lowered COa capacity of the 
plasma and with decreased plasma pH by the dialysis method of Levy, 
Rowntree and Marriott. Greenwald (1915), Feigl (1917a, 1917b), 
Denis and Minot (1920), Salvesen and Linder (1923) have also shown 
retention of acid phosphate in nephritics. Means and Rogers (1917) 
reported an extreme acidosis in a man with bilateral polycystic kid¬ 
neys complicated by a septic infection of the hand. Two days before 
death he had extreme hyperpnea mth a ventilation of 51 liters per 
minute, an alveolar pCOa (Plesch) of 6.4 mm., a blood urea of 332 
mgm. per 100 cc. (55 mM.), a CO* capacity of the plasma of 12 vols. 
per cent (5.4 mM.), no phthaleia excretion in three hours, serum 
phosphorus of 18 mgm. per 100 cc. (5.8 mM.) serum calcium 3 mgm. 
per 100 cc. (0.75 mM.). At this time 110 grams NaHCOs by mouth 
failed to render the urine alkaline. 

If one compares the retention of phosphate with the diminution of 
bicarbonate in the serum it would seem that the acidosis can not 
always be explained simply by the phosphate retention however. In 
Means and Rogers case with a rise of [P] of 4.3 mM. representing about 
8 meq. of base above the upper normal, there is a fall of [BHCOs] 
of 13 mM. bdow the lower normal Some other factor appears to be 
concerned here than merely phosphate retention. The data of 
Salvesen and Linder (1923) show very little change in the serum base in 
nephritics beyond the normal limits which makes it probable that 
add other than HC07 is increased. 

MacNider (1920) has demonstrated disturbances in the acid base 
equilibrium in experimental nephritis in animals and here the addosis 
is possibly even more conspicuous than in clinical nephritis. This 
author and also Nagayama (1920) and others have demonstrated 
improvement in renal fimction when the disturbance in add base 
equilibrium is corrected by alkali therapy and MacNider has demon- 
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strated a diminished susceptibility of the kidney to injiuy by toxic 
substances when by alkali therapy the acidosis is prevented. 

While these studies indicate the depletion of alkali reserve in 
nephritis, direct studies of the pH of the blood as it exists in vivo such 
as are furnished by the method of Cullen (1922) are at present available 
in the literature for only a few cases, Cullen and Jonas (1923) 
cite one case of uremia, with plasma pH 6.7 and [COa] of 4 vols. 
per cent. Cullen and Stillman at the Rockefeller Institute found a 
pH of 7.12 with a low normal [COa] of SO vols. per cent in the plasma 
of a patient with acute convulsions and tmconscious but without 
uremia. Strenuous alkali therapy brought the pH to 7.3S and the 
[COa] to a high normal and the patient recovered from the attack. 
This case is a striking example of the value of pH studies. Linder, 
Hiller and Van Slyke (1925) report 17 observations on 10 patients with 
various types of nephritis. One case of nephrosclerosis and one of 
chronic nephrosis showed high normal bicarbonate with normal pH. 
In those forms of glomerulonephritis associated with marked retention 
of urea there is a tendency to depression of both bicarbonate and pH; 
the lowest observation being [BHCOs] = 27.8 volumes per cent with 
pH = 7.16. The zone occupied by these cases is shown in figure 2. 
Myers and Booher (1924) report 15 cases of nephritis among their 64 
cases of abnormal add base balance, seven of these with less marked 
depression of [CO 2 ] showed pH within the lower limit of normal (Has- 
selbalch’s and Van Slyke’s compensated addosis) while dght cases 
showed abnormally low pH and more marked depression of [CO2] 
(uncompensated or true addosis). However, if the observations on 
the 15 cases be plotted as in figure 2, the distinction between the 
compensated and uncompensated groups is seen to be largely an 
artifidal one, due to the width of the normal pH zone. The evidence 
is that any lowering of [CO 2 ] tends to be assodated with more add pH. 

CARDIAC DISEASE 

In cardiac disease uncomplicated by impairment of renal function 
Peabody (1914) found no evidence of alteration of pH nor of addosis 
that could account for h 5 ^erpnea. Wilson, Levine and Edgar (1919) 
found normal CO 2 capadty of the plasma in cases of “irritable heart.” 
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DIABETES ME1LIT0S 

Diabetes mellitus because of the accumulation of abnormal products 
of metabolism has long been the classic example of disturbance of acid 
base balance. Of the older literature in regard to presence of acetone 
bodies there are many reviews. The relation of alkali reserve to 
alveolar CO 2 and to titratable alkali was shown by Stillman, Van 
Slyke, Cullen and Fitz (1917). It has long been recognized that low 
alveolar CO 2 tension is an index of low alkali reserve. If the low 
[BHCOs] is accompanied by sufficient decrease in pC02 to prevent 
change in pH, the condition is that of “compensated acidosis.” 
(Hassdbalch; Area 6, Van Slyke). It was also recognized that coma 
of diabetes is associated -with a true acidosis in the sense of decreased 
pH and decreased [BHCOs]. 

Before the discovery of insulin diabetic coma was only occasionally 
strikingly benefited by alkali treatment. 

One of the most impressive demonstrations of the action of insulin 
is afforded by the changes in the add base balance in diabetic addosis 
folio-wing inRulin treatment. Chart No. 3, p. 547, Cullen and Jonas 
(1923) shows this most dearly. A patient -with a plasma pH of 6.98 
and [BHCOs] of 16 vols. per cent had his plasma restored in one 
day to a normal range •with a plasma pH of 7.32 and [BHCOs] of 41.5 
vols. per cent. The insulin altered the metabolism so that not 
only did further accumulation of add bodies cease but the acetone 
bodies already combined with the base were oxidized thus freeing the 
base to recombine with CO 2 . 

This chart and figure 2 in the present review also show other interest¬ 
ing facts concerning insulin. With excess of iiusulin the [BHCOs] 
and pH tend to becorne abnormally high. Such pH studies in stupor 
from excess of insulin are very few but there are indications in the 
experiments of Cullen and Jonas that it tends to be associated -with an 
alkalosis (high pH and high CO 2 ). 

One of their patients upon breaking bis diet immediately started 
back -toward his initial addosis but this was easily checked -with 
insulin. 

In the data of Cullen and Jonas a tendency to constancy of the pC02 
rather than of pH is exhibited by a number of individuals, but not in 
all their cases. 
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These results are in entire agreement "with those reported simul¬ 
taneously by Bock, Field and Adair (1923) and since by Myers and 
Booher (1924). It would appear that insulin treatment alone, without 
jilTrali is sufficient to restore the add base balance from diabetic addo- 
sis to a normal state or to one of alkalosis. It is also evident that the 
human organism can recover after reduction of the serum pH to as 
low a figure as 7.0. 


RHEDldATIC FEVER 

Because of the old theory that the joint fluid of rheumatic fever was 
suffidently add to liberate free salicylic add. Boots and Cullen (1922) 
studied electrometiically and colorimetrically the pH of the joint 
fluids from such cases. Sterile joint fluids showed a pH approximately 
that of normal blood. In a few of these cases the plasma pH was 
determined and found to be within normal limits (unpublished results). 
There is therefore no evidence of a disturbance of the add base 
equilibrium in rheumatic fever nor of the possibility of the mechanism 
of salicylate action mentioned above. 

ACIDOSIS OF CHILDREN 

Howland’s and Marriott’s (1916) studies indicated that an addosis 
is associated with the dehydration of infants. Mitchell and Jonas, 
(1925) found that although low pH and low [CO 2 ], i.e., a true addosis, 
might be assodated with such conditions, such was not invariably 
present. Further there was no constant relationship between the 
severity of the disease and the addosis. They condude that the 
addosis when it occurs is a result of the general derangement and not a 
causative factor in the condition. 

FASTING 

Gamble, Ross and Tisdall (1923) have studied the behavior of the 
add base equilibrium diuing fasting in four epileptic children, with 
reference to the factors regulating excretion of add and base. 
Their studies deal also with the changes in alkali reserve of the serum 
but do not furnish data concerning the pH. 

Bigwood (1924b) and Bigwood and Geyelin (in press) have studied 
the pH and [COJ of plasma during the fasting treatment for epilepsy. 
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KoeUer (1923) found after fasting 50 hours a mean depression of 5 
vols. per cent [COa] and of 0.02 in pH. After 77 hours fasting the 
mean depression in [COa] was 8 vols. per cent and in pH a fall of 0.10. 

ANOXEMIA 

The influence of anoxemia in inducing acidosis has been a subject 
of much theorizing. Wallace and PeUini (1921) studied a variety of 
toxic substances as to their effect upon the alkali reserve. They found 
that uranium, canthaiidin, diphtheria toxin, large doses of arsenic, 
sodium nitrite when given in a dose large enough to cause methemo- 
globin formation, and potassium cyanide all produced marked fall in 
the plasma bicarbonate whereas emetin hydrochloride, hydrazia and 
motphin produced no fall of alkali reserve. The first four substances 
mentioned are capillary poisons. An extremity poisoned with diph¬ 
theria toxin when transfused with normal arterial blood returned the 
venous blood with a lowered alkali reserve and this led the authors to 
the bdief that the acidosis arose from a disturbance of the muscle 
metabolism. The greater fall in alkali reserve from the first four 
poisons than following double nephrectomy led them to exdude mere 
impairment of renal excretion as the important factor in the addosis. 
Poisons which like emetin and podophyUin are selective for the intes¬ 
tinal capillaries failed to produce any marked addosis; nor did marked 
liver injury from hydrazm cause addosis. They concluded that 
after large doses of sodium nitrite with methemoglobin formation, 
after cyanide which stops tissue oxidation and after the first four 
poisons mentioned above, which are general capillary poisons, the 
addosis results from interference with tissue oxidation and they 
emphasize the importance of capillary poisons as a cause of addosis. 

This condusion with regard to cyanide poisoning is confirmed by the 
work of HolboeU (1924), who found that the alkali reserve and pH are 
reduced in cyanide poisoning and that the venous blood is returned 
as fully oxygenated as the arterial blood, indicating that the inter¬ 
ference with oxygen utilization is in the tissues. 

pH, lactic acid and ketonueia 

Davies, Haldane and Kennaway (1920) have called attention to the 
fact that when either from hyper-ventilation of the lungs and con- 
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sequent decrease in the pC02, the pH of the blood is increased, or 
when from bicarbonate ingestion the alkali reserve is increased with, 
or possibly without, increase in the pH of the blood, there is a tendency 
for acetone bodies to appear in the urine. This ketonuria, the 
mechanism of which is not clear, but occurring during an alkalosis, 
is evidence of the importance of distinguishing between ketonuria and 
the state of the acid base balance in the blood. Macleod and his 
co-workers (1917, 1918, 1921) have shown that aHministration of 
fl-lkali causes an increase of lactic acid in the blood and urine, and an 
increase of glycolysis in the blood with a decrease in blood sugar 
concentration. Anrep and Cannan (1923) using a Starling heart-lung 
preparation and defibrinated blood found that the lactic add concen¬ 
tration of the blood rose and fell with the pH of the blood and con- 
duded that the pH of the blood regulates the rate of removal of lactic 
add. They suggest that this constitutes another factor in addition 
to the hemoglobin and other proteins and to the bicarbonate and to 
the phosphates of the blood, in regulatmg the add base balance of the 
blood. 

The formation of lactic add during musde contraction, a complete 
review of which is given by Hill (1922), has been demonstrated and 
studied quantitatively espedally by Meyerhof and by Hill The 
extent to which lactic add reduces (fig. 2) alkali reserve and plasma 
pH during violent exercise has been shown by Barr and his assodates 
(1923) and by Himwich and Barr (1923). The importance of oxygen 
in the removal of this lactic add has also been shown by Meyerhof 
and by Hill but the extent to which disturbance of this mechanism 
occurs in disease has not been studied. The influence of pH on the 
recovery process of musde has been studied by Hartree and Hill 
(1923,1924). The direction and possible extent of the disturbance of 
the add base equilibrium following exerdse is shown in figure 2 from 
the data of Barr and his assodates, and its magnitude is very striking. 

ANAPHYLACTIC SHOCK 

It is interesting to consider the evidence for addosis in anaphy¬ 
lactic shock. Eggstein (1921a, 1921b), Underhill and Ringer (1921), 
Hirsch and Williams (1922), Bigwood, Cogniaux and Collard (1924) 
and Bigwood (1924a) have demonstrated a fall in alkali reserve in the 
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dog and in man during anaphylactic shock and in the condition of lo\i^ 
blood pressure following the injection of protein split products, typhoid 
vacdnes and histamine hydrochloride and Hirsch and Williams and 
Bigwood and his associates find also a marked fall in pH. These 
authors have observed some parallelism between the degree of shock or 
fall in blood pressure and the extent of the acidosis. Eggstein found 
that a fall in the CO 2 capacity of the plasma determined by the tech¬ 
nique of Van Slyke and Cullen (1917) to below 25 vols. per cent in his 
experiments was usually associated with a fatal outcome and that a 
preliminary administration of sodium bicarbonate before the produc¬ 
tion of anaphylactic shock Himinished the acidosis and lessened the 
mortality. Bigwood and his associates point out that the fall in 
[BHCOs] and in pH involves an increase in the maximal [Ca++] (see 
our discussion of tetany); a fact possibly of importance in view of 
Hamburger^s evidence for decreased permeability of the capillary wall 
resulting from increase in [Ca++]. The slope of the plotted data of 
Bigwood and his associates indicates a change in add base equilibrium 
quite similar to that which we have observed from anesthesia. That 
is, assodated with a true addosis there is somewhat further depression 
of pH suggesting a greater depression of the respiratory center than 
occurs simply from administration of add, or from nephritic or dia¬ 
betic addosis. 


TRAUMATIC SHOCK 

Numerous studies of the alkali reserve in traumatic shock have 
appeared in the literature which substantially support the findings 
of Cannon (1918) that there is a lowering of the alkali reserve when 
there is lowering of blood pressure from shock or from hemorrhage, 
but his condusions as to the importance of the addosis as a cause of the 
shock have not been established, Raymund (1920) has pointed out 
that the evdences of shock may precede the fall in alkali reserve. In 
five dogs traumatized under local anesthesia no striking fall in the 
alkali reserve appeared until the condition of the animals became quite 
serious. When general anesthesia is given the effects of the anesthesia 
upon the add base equilibrium render the interpretation of the changes 
due to shock per se very difficult. (See later discussion of anesthesia.) 




Fig. 2 . Van Sl'ske Type op Graph Sho^wing Normal Area op Figtjre 1 with Its 
Limiting pCOa Curves and it6 Limiting COa Absorption Curves 


Large figurea are Van Slyke’a areas 

1: Uncompensated alltftH excess. 6: Compensated alkali or COa deficit 

2, 3: Uncompensated COi deficit. 7, 8: Uncompensated COi excess 

4: Compensated alkali or COi excess. 9; Uncompensated alkali defiat 

5: Normal balance. 

Numbered arrows indicate direction and magnitude of change mduced by 

1. LacUc aad (see table 1). 2 NaHaPOi (table U; 3 HCl (table 1), 4. Ingestion of 84 mgm (ImM) 
per kilo of NaHCOs, S to 6, immediate effect of one hour of radiation (Kroetz, 1924), 7 to 8, day follow¬ 
ing radiation (Kroetz), 9 One hour of radiation (Hussey, 1922). 

0 _o Area including cases of alkali administration or loss of add by vomiting (Myers and Booher, 

1924). 

A A Area- m''hiding diabetics with oddosls Oow [CX)il) and under insulin treatment (highlCOal) 

(Cullen and Jonas, 1923, Myers and Booher, 1924) 

•'A' Fasting SO hours (Koehler, 1923) |B ‘ Fasting 77 hours (Koehler, 1923) 

□ —□ NephntJa (Meyers and Booher, 1924,^mder, Hiller and Van Slyke, 1925) 

B Effect of exerdse (Barr, Himwich and Green, 1923a) 

■ -—a Normal area. 
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TOXIC SUBSTANCES • - 

The administration of methyl alcohol to dogs was shown by Pohl 
to be foEowed by greatly increased excretion of formic acid in the 
urine, the maximum excretion being reached on the third or fourth 
day. Exol demonstrated a well defined increase in the ammonia and 
creatin of the urine in dogs in similar e35)eriments. Bongers gave 
methyl alcohol to dogs and measured the amounts recovered by gastric 
lavage repeated over several days. He asserts that he recovered 
about three times as much methyl alcohol in the combined washings 
in the second and third days as he was able to obtain in those of the 
fijBt, suggesting very slow metabolism of the alcohol. In spite of this 
evidence of abnormal add excretion Loewy and Munzer (1923b) 
found in rabbits no diminution in the blood bicarbonate Harrop 
and Benedict (1920) however in a human case of methyl alcohol 
poisoning found increase of organic add in the urine and specifically 
of lactic and formic adds and in addition a fall of plasma bicarbonate 
to 36 vols. per cent. Alkali therapy raised the latter to 86 vols. 
per cent. pH studies are not available. Haskell, Hileman and 
Gardner (1921) found a reduction in the COs capadty of most of their 
dogs poisoned with methyl alcohol but not in all, nor was the reduc¬ 
tion in CO 2 capadty commensurate with the severity of S 3 Tnptoms. 
Rabinovitch (1922) found a fall in fCOj] in one human case to 26 vols. 
per cent with a rise in blood phosphorus to 11.2 mgm. [P] per 100 cc. 

It will be seen from figure 2 that the effects of add or add producing 
salts, of fasting, of diabetic addosis, of nephritic addosis, of severe 
exercise and probably of anaphylactic shock is to produce change in 
the add base equilibrium in a similar direction and to a degree that is 
dependent upon the severity of the disturbance. 


TETANY 


Tetany is a condition intimately related to the add base equilibrium 
of the blood. The studies of the pathogenesis of this condition have 
been recenldy reviewed by MacCallum (1924) and any extensive 
repetition of the data there so weU presented seems unnecessary. 
Certain aspects of the condition especially in relation to the pH of the 
serum may be discussed further here to advantage however. 

2,GJL9 
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It is evident from a study of the literature that tetany is associated 
with one or more of the following: 

a. Destruction, removal or disease of the parathyroid glands 

b. Increased alkalinity of the serum 

c. Dimini^lled [Ca] and increased [P] of the serum 

Binger (1917) showed that diminution in the [Ca] and increase of the 
[P] of the serum produced by injection of phosphate gave rise to marked 
tetany when the pH of the injected solution was about 6.1 or greater, 
gave rise to only slight tetany when the pH of the solution injected was 
5.8 and to none when its pH Was 4.5. With the availability of Cullen’s 
(1922) method for direct measurement of the serum pH the authors 
in conjunction with H. C. Gram and H. W. Robinson carried out 
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7 34 
7.36 

19 3 
20.4 

40 

43 

7 1 
5.4 

11 1 

6 6 

2 0 
27.7 

111 

95 

b. NaHJ>04^- .1 

Before 

7 28 

18 9 

39 

8.1 

10.8 

4.4 

111 

After 

7.13 

9 6 

28 

6.7 

7 0 

66.2 

99 


Before 

After 

7.35 

7 08 

20 1 
11 2 

39 

41 

6 7 

4 3 

10 4 

6 3 

3 5 
49 6 

111 

113 


similar experiments thus far unpublished. Dogs were injected intra¬ 
venously with (a) M/10 NaiiHP 04 , (b) M/10 NaH 2 P 04 , (c) M/10 
NaHi!P 04 + M/10 NaCl. Each dog received 49 cc. per kilo in 53 
minutes. Blood was taken from the left ventricle before and two 
minutes after completing the injection, defibrinated under oil and the 
serum removed without loss of COs. Serum analyses are given in 
table 2. 

The methods used are the same as those employed in studies of 
ether anesthesia by Austin, Cullen, Gram and Robinson (1924): 
[Ca] and [P] were analyzed by the methods of Tisdall (1923) and 
Tisdall (1922b) respectively. 
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In the experiments quoted typical tetany appeared in experiment 
(a); no tetany was present in (b) and (c). It is evident that the greater 
tendency to tetany in (a) as compared with (b) is not due merely to the 
larger amount of Na administered in (a) for in (c) where the Na 
administered is the Sctme no tetany developed. The difference in 
tendency to produce tetany in these as in Singer’s experiments lies 
apparently with the resulting pH of the serum or with the pH and 
bicarbonate concentration of the serum. 

Recognition of a relationship of this sort in connection with the 
physiological activity of Ca together with the xecognized limited 
solubility of Ca led Rona and Tahahashi (1913) to attribute the 
physiological activity of calcium to the calcium ion concentration and, 
assuming the blood saturated with CaCOs, to calculate the calcium 
ion concentration according to the equation: 

[Ca++] = Kf°^r^ (11) 


Biiiibuan has included the phosphate ions in a similar equation on 
the assumption that the blood is also saturated -with calcium phos¬ 
phate. The most carefully developed form of this double equation is 
that of Kugehnass and Shohl (1924), who have evaluated the constants 
for these and related equations in aqueous solutions at SS^C. A 
form of the combined equation given by them is: 


[Ca++] = yj 


(7.6 X 10-«) [H+] 
[HPOr] [hcot] 


( 12 ) 


A fundamental limitation of the usefulness of such an equation has 
not been brought out however in their discussion. Equation (12) 
is derived by combining the two following equations: 


[Ca-++] - 133 


m 

[Hcor] 


(13) 


which is the maximum [Ca'*'+] possible in an aqueous solution saturated 
with CaCOs; and 


[Ca++]- 


(67 X 10->) 
[HP07] 


(14) 


which is the maximum [Ca^+J possible in an aqueous solution saturated 
with CaHPO*. In discussing the use of a combined equation such as 
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(12) it Las commonly been overlooked that such an equation is valid 
only when the system is saturated simultaneously with both CaCOs 
and CaHPO* and furthermore that under these conditions the follow¬ 
ing* conditions are obligatory: 

1. A fixed ratio must exist for 

[HPOn 

2 . The [Ca++] calculated from equation (13) will equal the [Ca++] 
calculated from equation (14) and also of course that calculated from 
equation (12). 

"Whenever the [Ca++] calculated from equation (13) differs from that 
calculated from equation (14) then the system is saturated only with 


experiment 


{ Before 
After. 

{ Before 
After. 

f Before 

1 After. 


TABLE 3 


|Ca++l 

EQUATION (13) 
(carbonate) 

fCa++l 

EQUATION (14) 
(phosphate) 

0.41 

(1.24) 

(0.37) 

0.09 

0.37 

(0.58) 

(1.03) 

0.04 

0.30 

(0 71) 

(0.99) 

0.06 


TETANT 


Marked 


None 


None 


the salt corresponding to the equation giving the lower calculated 
[Ca+'*‘], and that value represents the maximum possible [Ca++] in 
the system. Under these conditions, equation (12) is no longer valid 
for it is based on the assumption that the system is saturated with both 
carbonate and phosphate.^ The proper use for the equations in so far 
as the results obtained on pme aqueous solutions of the salts can be 
applied to serum, would be to use equations (13) and (14) separately 
and take as the significant figure the lower calculated value as repre¬ 
senting the Tnflximum possible calcium ion concentration for the serum. 
This method we applied to the experimental data given in table 2 
with the results shown in table 3. The values in parentheses can 
have, as pointed out, no real significance. With the assumptions that 
we are making here, the maximal calcium ion concentration after 


lAlso discussed by Robison and Soames. 
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injection is in each instance limited by the concentration of HPO 7 
and there is no relation between this maximal [Ca++] and the presence 
or absence of tetany. 

It would seem therefore that the influence of pH upon the devdop- 
ment of tetany cannot be accounted for merdy by its influence upon 
the maximal possible caldum ion concentration. It seems probable 
that the pH has an additional physiological effect in influencing the 
susceptibility of the organism to the caldum ion concentration or to 
the balance of the inorganic ions. 

HEMORRHAGE 

Wilson (1923) has pointed out that the immediate effect of a 
large experimental hemorrhage is fall in blood bicarbonate, soon 
followed, however, by a rise above normal assodated with an increase 
of pH above normal. 


GASTRIC DISORDERS 

In disease of the gastro-intestmal tract the only striking alteration 
observed in add-base equilibrium is the alkalosis assodated with 
persistent vomiting and consequent loss of add from the body in the 
form of HCl. This alkalosis may give rise to tetany. MacCaUum 
and others (1920) in experimental pyloric obstruction obtained relief 
of the tetany with injections of NaCl. 

MacAdam and Gordon (1922) have reported the finding of an 
alkalosis in cases of periodic vomiting assodated with definite 
ketonuria. This constitutes another instance of the danger of assum¬ 
ing a condition of addosis to be present because acetone and diacetic 
add are present in the urine. Following prolonged alkaline treat¬ 
ment for gastric or duodenal ulcer, Hardt and Rivers (1923) have 
reported toxic manifestations associated with rise in the plasma 
[CO 2 ] and with evidences of impairment of renal function, 

Myers and Booher (1924) report several cases of high alkali both 
compensated and with high pH following Sippy treatment for ulcer. 
They also write “we are inclined to think that alkalosis is a condition 
overlooked and sometimes confused with addosis by the clinidan. 
We believe great care should be exerdsed in administration of alkali.” 
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NEOPLASMS 


In cases of carcinoma the serum ash was found by Moore and Wilson 
(1906) to require slightly more add for its neutralization than normal 
serum and this observation was confirmed by Watson (1909). Menten 
(1917) reported an increase in the pH of serum of carcinoma cases, but 
later studies by Chambers and Kleinschmidt (1923) in which the pH 
was calculated from the CO 2 absorption curves and the CO 2 content 
of the blood as drawn with correction for oxygen unsaturation shows 
the averages given in table 4. 

Myers and Booher (1924) in a series of 11 cases of uncomplicated 
carcinoma found no change in the add base equilibrium, nor did 
Corran and Lewis (1924). 

It seems probable therefore that there-is no significant change in the 
serum pH in carcinoma. 

TABLE 4 


12 no rmals . 

8 miscellaneous diseases 
23 carcinoma cases. 


AVERAGE pH 

7.29 

7.33 

7.34 


RADIATION 

The effect of x-ray radiation has been studied in rabbits by Hussey 
(1922). He observed an increase in both plasma CO 2 capacity and 
pH by CuUen’s method, evident one hour after radiation and still 
present after 48 hours. The increase in pH in three hours was from 
0.11 to 0.18 and in the plasma CO 2 capacity from 16 to 18 vols. 
per cent. 

Kroetz (1924) has found in man after both x-ray and ultraviolet 
radiation a fall during the first hour of 3 to 10 vols. per cent in the 
serum bicarbonate and of 0.02 to 0.09 in pH, followed by a rise of both 
iBHCOs] and pH the following day to about as much above the initial 
value. These high values may persist for a few days. These changes 
are consistent in all of his observations, but are obviously small. 

Balderrey and Barkus (1924) have observed the effect of exposure to 
sunlight upon the pH of patients as measured by Cullen’s (1922) 
method. They foimd no effect on cloudy days but on bright days an 
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increase in the average pH of 0.17. When pigmentation was marked 
they observed less change in pH. 

Reference to figure 2 will show that the blood after aHministration of 
■alkali and at a certain stage after radiation with ultraviolet light or 
x-ray is characterized by a change in add base equilibrium opposite to 
that produced by administration of add both as regards [BHCOs] 
and pH. On the other hand, the rise in bicarbonate seen in certain 
■diabetics treated with insulin shows a tendency to be associated with 
normal rather than with increased pH. 

SURGICAL ANESTHESIA 

In surgical anesthesia we have evidence of a combination of addosis 
in the sense we are using the term and of depressed ventilation. 

In discussions and studies of addosis following general anesthesia 
with or without operation, the evidences of abnormality which have 
■been taken as evidence of addosis may be considered in three groups. 

1. Changes in plasma bicarbonate and pH 

2 . Ketomiria 

3. Certain clinical symptoms 

Diminution in the plasma CO 2 during and immediately after ether 
anesthesia in man and animals has been observed by Austin and Jonas 
(1917) CaldweU and Cleveland (1917), Carter (1920), CoUip (1920), 
Van Slyke, CuUen and Austin (1922), Leake, Leake, and Koehler 
(1923), and Austin, Cullen, Gram and Robinson (1924). 

The fall of plasma CO 2 in man during operation under general 
anesthesia has been found to be from about 4 to 10 vols. per cent with 
return to approximately normal within twenty-four hours. Various 
t3T)es of anesthesia differ only in a minor degree in the amount of fall 
produced and even in operations under local anesthesia Caldwell and 
Cleveland observed some fall. Such changes in the alka l i reserve are 
relatively small. In dogs under ether anesthesia the fall may be 
occasionally considerably greater, amounting in one instance to 22 
vols. per cent (Van Slyke, Cullen and Austin (1922)), but as a rule in 
■dogs also the fall is less than 10 vols. per cent. 

The change in pH has been less extensively studied. Menten and 
Crile (1915) reported a fall in the blood pH in rabbits and Van Slyke, 
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Cullen and Austin (1922) demonstrated fall in pH in the dog under 
both light and deep ether anesthesia. Leake, Leake and Koehler 
(1923) confirm the finding. Cullen, Austin, Komblum and Robinson 
(1923) have shown that this fall occurs chiefly during the early minutes 
of anesthesia and Austin, Cullen, Gram and Robinson (1924) have 
demonstrated that it is due chiefly to the introduction of some un¬ 
identified acid into the blood, together with Cl*“ anions. The possi¬ 
bility that the unidentified add is lactic add had not been exduded. 
That lactic add formation in the musdes is actually largdy respon¬ 
sible for the fall in alkali reserve in the dog imder ether anesthesia has 
now been demonstrated by Ronzoni, Koechig and Eaton and they have 
also discussed a possible relation of this with the observations of Stehle 
and Bourne (1924). 

Stehle and Bourne (1924) have shown following ether anesthesia an 
increased phosphorus elimination in the urine, a 2.5 per cent decrease 
in musde phosphorus and a 12.5 per cent increase in liver phosphorus. 
The change m blood phosphorus, however, is slight which taken 
into consideration with the base findings of Austin, CuUen, Gram and 
Robinson (1924) indicates that the explanation of the diminished alkali 
reserve is not a withdrawal of base from the blood consequent upon 
mobflization of musde phosphoric add. On the other hand the view 
advanced by Y. Henderson and Haggard (1918) that the fall in alkali 
reserve was a compensatory phenomenon consequent upon h 3 q)erpnea 
and excessive removal of CO 2 in the early stages of anesthesia has not 
been supported by the other studies mentioned. 

Koehler (1924) has studied the addosis of anesthesia as it occurs 
in human subjects. The changes observed are comparable to those 
found in experimental studies. Recovery of the add base balance is 
fairly rapid and usually complete in from one to three hours. Koehler 
divides the recovery into two phases: that from excessive pC 02 which 
is rapid occurring within'the first hours and that from depressed 
alkali reserve which is slower. 

Leake and Hertzman (1924) have studied the effects of ethylene- 
oxygen and nitrous oxide-oxygen anesthesia on the add base equi¬ 
librium. They observed changes in the add base equilibrium similar 
to but less marked than those observed with ether and chloroform. 
In addition, the factor of anoxemia is of great importance in these 
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t 3 T)es of anesthesia. There may be an initial increase in pH if the 
anoxemia is marked. Leake (1924) has also discussed the disturbances 
of carbohydrate metabolism following ether anesthesia. 



Fig. 3. Van Slvbce Tsipe op Geaph Showing Normal Area or Figure 1 and 
Effects of Anesthesia 

(From data of Cullen, Austin, Komblum and Robinson (1923) in dogs and of Koehler 
(1924) in human cases) 

■-■ Before anesthesia. 

-|-Human cases under nitrous oxide. 

A-A Human cases under ether. 

O O Human cases after nitrous oxide. 

A . A Human cases after ether anesthesia. 

□-□ Dogs after ether anesthesia. 

The studies of White (1923) upon the beneficial effect of post¬ 
operative administration of CO 2 as a respiratory stimulant to accel- 
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erate the removal of ether through the lungs, a procedure which in 
itself necessarily tends for the time toward still further lowering the 
pH, indicate that the fall in pH is of less importance than the other 
effects of the ether. The procedure adopted by White led to a diminu¬ 
tion of disagreeable post-operative symptoms. 

That ketonuria as shown by qualitative tests for acetone and 
diacetic add is a common finding after surgical anesthesia has long 
been noted and has been taken as evidence of addosis. Reimann 
and Bloom (1918) and Caldwell and Clevdand (1917) demonstrated 
that ketonmia could often be detected immediately before operation, 
probably due to the preliminary fasting, but that it was much more 
frequent following the operation. On the other hand, they established 
the fact that there was no constant relation, between the severity or 
duration of the operation or the seriousness of the post-operative 
course, or the degree of reducton in the alkali reserve on the one hand, 
and the degree of the ketonuria on the other. Indeed, it seems possible 
that the ketonuria is mainly an expression of the fasting inddent to 
operation, and there is no evidence that it is of any serious clinical 
importance. 

Of interest in this connection, however, are the observations of 
Thalhimer (1923), of Fisher and SneU (1924) and of Ginsberg (1924) 
upon the effect of insulin and carbohydrate given after operation, with 
a reported disappearance of'ketonuria and lessening of disagreeable 
post-operative symptoms. The experimental studies of Stewart and 
Rogoff (1917) and of Ross and Davis (1920) are of espedal interest in 
this connection. 

A third group of phenomena described following operation and 
sometimes attributed to addosis, probably chiefly because the'common 
ketonuria has been examined for and noted in these cases, is a clinical 
picture which is essentially that of post-operative shock. The 
evidence that these cases actually suffer from addosis is however 
lacking. These cases are not numerous in the surgical clinics and the 
opportunities for accurate studies of the'blood are still rarer. In two 
such cases studied by the authors and believed by the surgeons to be 
post-operative addosis, both showed plasma [COJ value above 
normal. 

It seems probable therefore that grouped under the name of addosis 
three more or less distinct pathological conditions have been recog- 
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nized as occurring at times after general anesthesia with or without 
operation. Of these, the one of chief clinical importance is that 
characterized above as a form of post-operative shock, but this con¬ 
dition is probably often not accompanied by acidosis and is probably 
not due to acidosis. 

The ketonuria so often observed after operation probably arises in 
many instances from the fasting preceding and following operation. 
In itself it is of doubtful clinical importance. It may be associated 
with alkalosis rather than with acidosis. The value of treatment 
with carbohydrate with or without insulin must be based upon the 
effect of such treatment on the post-operative symptoms. 

The fall of plasma bicarbonate and of pH, which alone ^ould be 
called addosis, appears to be a constant accompaniment of esperi- 
mental and surgical ether, chloroform and nitrous oxide anesthesia, 
but there is no satisfactory evidence that it is of clinical importance in 
Tinman surgery. When the disturbances of the add base equilibrium 
that occur normally with vigorous exercise, as shown by the studies of 
Barr and his associates (1923) are called to mind, it may well be ques¬ 
tioned whether the exertion inddent to passing under the anesthetic 
may not be an important factor in this addosis exaggerated possibly 
by interference xmder the anesthetic with normal tissue oxidation. 
It is not at all dear that the addosis is a menace to the individual or 
that allrali therapy is indicated. With removal of the anesthetic 
spontaneous restoration of the add base equilibrium is rapid as is the 
case after vigorous exerdse. Failure of the add-base equilibrium to 
recover after operation occurs probably only inddent to some serious 
disturbance of the metabolism, and is not so far as we know a con¬ 
sequence of the addosis per se. 

LOBAE. PNEUMONIA 

In certain infectious diseases various workers have reported dis¬ 
turbances of the add base equilibrium. The most thoroughly studied 
infection is lobar pneumonia. 

Palmer (1917) demonstrated the excretion in the urine in lobar 
pneumonia of large amoimts of organic add which at a pH of 5.0 was 
present as free add. At this pH, 87 per cent of uric add is free, one- 
third of jS-hydroxybutyric and of acetic but only about 5 to 7 per cent 
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of hippuric, diacetic and lactic acids. This fact excludes the last 
three from consideration as the add excreted in pneumonia. Palmer 
exduded by analysis ^-hydroxybutyric add, uric add and ethereal 
sulphates. The nature of the acid was not further identified. There 
may be a relation between these observations and those of Barach, 
Means and WoodweU (1922) who observed a tendency to lowering of 
the allralT reserve in pneiunonia. They found in 10 cases an average 
COs capadty in arterial blood at 40 mm. pC 02 at 37° of 43.2 vols. 
per cent as compared with the average for normal individuals found by 
Peters, Barr and Rule (1921) of 49.3 vols. per cent; the lowest observed 
in pneumonia was 35.0 vols. per cent. Barach, Means and WoodweU 
calculated the arterial pH from the CO 2 absorption curve and obtained 
an average in their 10 cases of pneumonia of 7.31, with four cases 
below 7.30 which they take as the lower limit of normal resting pH. 
The lowest pH they observed was 7.20. They found no relation, 
however, between the pH or the reduction in the alkali reserve and the 
prognosis or the degree of anoxemia. They observed a spontaneous 
rise in the alkali reserve and return of pH to normal at, or shortly 
after, crisis in three patients studied before and after crisis. In 
another patient they observed the same restoration without crisis after 
vigorous oxygen therapy. Binger, Hastings and NeiU (1923) have 
reported edema occurring during convalescence from pneumonia in 
association with bicarbonate administration. Hastings, NeiU, Morgan 
and Binger (1924) have more recently studied a series of 30 pneumonia 
patients, making direct determination of the pH and [CO2]. They 
observed a lower arterial CO2 tension during the febrile period than 
after return to normal temperature in seven cases but lowered pC 02 
and increased oxygen unsaturation did not occur together with suffi¬ 
cient regularity to indicate a causal relationship. They noted no 
tendency towards an acidosis of either metabolic or respiratory 
origin. The alkali reserve was within or near normal limits in every 
case and the pH was in each instance within normal Umits, 7.30 to 
7.50, and in most instances in the more alkaUne half of this range. 
Their results contraindicated alkali therapy in aU the cases studied. 
In 8 of the 10 cases in which arterial oxygen saturation was deter¬ 
mined an abnormally low saturation was observed at some stage of the 
disease. Taken with the non-occurrence of increased CO2 tension 
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these results they concluded support the view that when the mechan¬ 
ism for gas exdiange in the lungs is affected, absorption of oxygen fails 
before elimination of carbon dioxide is signihcantly impaired. 

MSTUEBANCES SIMTT.AR TO THOSE PRODUCED BY HVPOPNEA OR 

HYPEBPNEA 

Disturbances in the excretion of CO 2 either by a h3rperpnea leading 
to a lowering of the alveolar pCOs or by impaired pulmonary ventila¬ 
tion with rise of pCOa produce changes in the blood that have been 
extensively studied. The subject has been thoroughly and extensivdy 
reviewed by Van Slyke (1921a, 1921b) with regard to the mechanism 
by which the pH of the blood is related to its pCOa, and a discussion 
here of the development and present knowledge of this phase of the 
subject would therefore be superfluous. The relation of changes in 
pH of the blood to heart, bloodvessels and the centers of the central 
nervous system has been touched upon already. 

In the study of disease so long as we were limited to the measure¬ 
ment of the plasma or blood [CO2] and to the direct measurement of the 
alveolar pCOa with its wdl recognized difficulties in untrained or very 
Ql patients the recognition of disturbances in acid base equilibrium 
consisting chiefly of h 3 ^oventilation or of h 3 q)erventilation was 
difficult. With the increasing data on both plasma or blood [CO2] 
and direct measurement of pH of the serum there appears to be 
emerging evidence of disturbances of this type in certain diseases. 

INFECTIONS 

Hachen and Isaacs (1920) and Koehler (1923) have found in 
influenza, influenzal bronchopneumonia and grippe with tempera¬ 
tures above 103“ and the latter in one case of peritonitis a reduction in 
the COa capacity of the plasma and CO2 content of the blood which 
may be rapid or gradual in its development. Koehler found the pH 
of the venous blood, however, increased rather than diminished and 
believes the fall in blood bicarbonate may be at least in part compen¬ 
satory to a febrile h 3 rperpnea, analogous to the shift in acid base 
equilibrium which Bazett and Haldane (1921) observed on immersion 
in a hot bath and which Koehler (1923) confirmed. The latter’s 
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observations are plotted in figure 4. Yamakita (1921) however, 
observed a fall in alkali reserve in experimental infections even when 
the temperature was not very high but only with very great increase 
in temperature in h 3 T)erthennia due to heat pimcture. Hirsch and 
Williams (1922) found in rabbits infected by intravenous injection of 
pathogenic bacteria a marked lowering of both CO 2 capacity of the 
plasma and of pH and Leake, Vickers and Brown (1924) observed 
similar changes in experimental B. bronchisepticus pneumonia in dogs. 
The association of the fall in [BHCOs] in experimental pneumonia and 
other experimental infections with a lowered pH suggests that febrile 
hyperpnea is not always the important factor in the shift of add base 
condition but that there may be depletion of the alkali reserve in 
certain infections. The possibility of a renal factor is to be considered 
in these infections. 

Reports of ketontiria in the course of infections cannot be taken as 
evidence of addosis. Ketonuria indicates a disturbance of the normal 
fat metabolism. In diabetes mellitus this is constantly associated 
with addosis. Ketonuria, however, can be produced by administra¬ 
tion of alkali as already pointed out and in the discussion of the effects 
of ether anesthesia we have pointed out that ketonuria is not pro¬ 
portional to the addosis present. 

PREGNANCY 

The assodation of toxemias of pregnancy with'•increased NHj/N 
in the urine has long been noted. Losee and Van Slyke (1917) showed 
however that in pregnant patients with pernidous vo mitin g and 
strikingly high ammonia figures the plasma bicarbonate may indicate 
no greater degree of addosis than may be observed in non-toxic 
pregnancy. Sellards (1912) reported a similar case with only a normal 
tolerance for sodium bicarbonate. Losee and Van Slyke, (1917) 
Willia m son (1923), Cook and Osman (1923), and Marrack and Boone 
(1923) have shown some diminution of the bicarbonate of the blood 
in normal pregnancy. The latter authors in seventeen cases in the 
last sixteen weeks of pregnancy found bicarbonate of 47 to 65 vols. 
per cent as compared with 58 to 65 vols. per cent for normals. Cook 
and Osman found the serum bicarbonate in pregnant women to be on 
the average 85 per cent of that for normal non-pregnant women. 




Fig. 4. Van Slybi: Type of Graph 
■m NoimaJ area of figure 1. 

[ 1 Area of febrile cases (Koehler, 1923). 

iZIZin! Area of individuals in hot baths (Koehler, 1923). 


I-1 

i_i 


Area of individuals in last sixteen weeks of pregnancy (Manack and 


Boone, 1923). 

The abnormal areas lie almost wholly within the normal COs absorption curves but 
at bwer COs tensbn. (Van Slyke’s ^'uncompensated COi deficit.”) 
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Hassdbalch and Ganuneltoft (1915) noted a greater lowering in 
alveolar pCOj in the later months of pregnancy than in the bicarbo¬ 
nate, and Marrack and Boone observed the same. Consistent with 
this is the observation by Marrack and Boone of a pH of 7.35 to 7.55 
by Cullen’s method (1922) in their pregnant cases, as compared with 
7.30 to 7.45 for normal cases (see fig. 4). This would indicate a 
tendency to increased pulmonary ventilation in late pregnancy, and 
the slight lowering of the [BHCOs] may well be considered, therefore 
a secondary effect of hyperventilation rather than as due to true 
acidosis. 



CHAPTER IV 
Determination oe pH 

The methods which have been used in stud 3 dng pH of blood may be 
divided into three general groups. The first group includes the dectro- 
metric methods which are based upon measurement of an dectrometiic 
potential which is proportional to the H+ concentration. The “gas 
chain” or “hydrogen dectrode” and the “quinhydron” methods 
bdong to this group. 

The second group indudes the indirect method of calculating pH 
dther from measurement of buffer ratio or after the method of Bar- 
croft (1914) from change in the constant of Hill’s equation for the 
equilibrium between oxygenated and reduced hemoglobin and the 
oxygen tension. 

The third group comprises the colorimetric or indicator methods 
which utilize indicators whose solutions give color effects dependent 
upon the pH. 

The prindple of these methods are reviewed fully in Clark’s (1920) 
book. 

The methods which have been of most value for investigation of 
blood pH are described briefly. 

ELECTROMETRIC. HYDROGEN ELECTRODE 

The method which has served as the reference method for all pH 
measurements is the hydrogen dectrode or “gas chain” method which 
is based upon the fact that in a suitable cell the difference of potential 
between a metal electrode and a solution of its ions is proportional to 
the ion concentration (or in the newer terminology to the ion activity). 
Hydrogen gas, when absorbed by a platinum black dectrode acts as a 
hydrogen electrode. This method was used by Hassdbalch and 
Lundsgaard (1912) in establishing the first exact value of the pH of 
blood. Parsons (1917) showed that the dectrometric determination 
of pH of reduced whole blood really measures the pH of the serum of 
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reduced blood. Because of teclmical difficulties due to the presence 
of oxygen from pie hemoglobin it is more accurate and convenient to 
use serum or plasma than blood. With the technic now available an 
accuracy of 0.01 pH may be obtained (Donegan and Parsons (1919); 
Warburg (1922); Cullen (1922)). Although it is the method of 
ultimate reference, electrometric pH determination requires so much 
material, time, and experience that ordinarily it is to be used only in 
physiological studies. It is of interest, however, that Cullen and 
Biihnan find that with proper precautions, the quinhydrone electrode 
can be used with very small quantities of serum, although it can not 
be used with whole blood. 

EEPERENCE STANDARD EOR pH DETERMINATION 

All hydrogen ion concentrations are referred to a h 3 q)otheticaI 
“normal hydrogen electrode.” It is necessary to base the actual 
determination upon some reproducible standard of reference. The 
recent development in the knowledge of electrolytic dissociation and 
the use of the activity coefl&cient for hydrogen ion activity has led to 
some confusion. The reference standard is relatively unimportant in 
any investigation where only changes of pH are being studied, but 
becomes of importance when comparing results from different labora¬ 
tories on such questions as normal pH of blood. 

As pointed out later the relation between the pH at different tem¬ 
peratures is also confused in this question of reference standard. 

Clark (1922) and Soerensen and Linderstroem-Lang (1924) have 
agreed that all biological hydrogen ion concentrations shall be re¬ 
ported by them in terms of the older pH values based on conductivity 
instead of the newer pH activity values. 

They also agree that the standard of reference shall be the N/10 
calomel cell to which they have assigned definite values at various 
temperatures. The present authors prefer to standardize their pH 
detenninations against a reproducible standard add solution either 
O.IN HCl or O.OIN HCl in 0.09N KCl, and to assume no change in 
pH of this standard solution with change in temperature (see Cullen, 
Keeler and Robinson (1925)). 

With the latter standardization, Soerensen’s phosphate standards 
have his values at 18° and are 0.03 pH less at 38°, i.e., a phosphate 
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solution which is 7,40 at 20° is 7.37 at 38°. Our pK' values for serum 
based on this system and using Bohr’s a values are 6.18 at 20° and 6.10 
at 38°, giving a temperature difference in agreement with other workers 
using the N/10 calomel cell standard. 

CALCULATION OP PH PROM [bHCOs] CONTENT AND CO2 TENSION 

This method using equation 17 requires determination of total CO 2 
content, and of CO 2 tension. The total [CO 2 ] is determined most 
easily and accurately by Van Slyke’s CO 2 apparatus (Van Slyke and 
NeiU, 1924) and the pC02 may be determined either by alveolar CO 2 
determination (when the subject can cooperate) or from the CO 2 
absorption curve. For the latter purpose the total CO 2 content is 
determined on one portion of the blood or serum as drawn, and other 
portions are equilibrated with known CO 2 tensions at two or more 
points. Analysis of total CO 2 of these equilibrated samples gives 
data for the CO 2 absorption curve. Peters, Bulger and Eisenman 
(1924) have recently proposed the construction of the curve from one 
point (see our equations (20) and (21)). The interesection of this 
curve with the CO 2 content of the original blood or serum gives the 
CO 2 tension (PCO 2 ) as drawn. If venous blood is used it is necessary 
to correct the total [CO 2 ] for the change in [BHCOj] with change in 
oxygenation of hemoglobin (see equation (22)). 

This method, which has been extensively used requires appropriate 
pK' values for blood and for plasma or serum. The pK' values for 
serum have been recently redetermined for serum, for a variety of 
clinical conditions (CuUen, Keeler and Robinson, 1925). The value 
of 6.10 at 38° and 6.18 at 20° are reliable for serum and plasma (see 
also Warburg (1922) for review of previous work). 

The difference between pK',erum and pK'biood used to calculate the 
pH of serum since the pC02 is the same, must be dependent entirdy 
upon the different solubility of CO 2 in whole blood and serum and upon 
the difference in [BHCO 3 ]. This relation as pointed out above is 
influenced by cell volume (hemoglobin content) and pH of the serum. 
This difference, pK' -pK's, has been recently studied by Warburg 
(1922), by Peters, Bulger and Eisenman (1924), and by Van Slyke, 
McLean and Wu (1923). The studies including that of Peters, 
Bulger and Eisenman on a large series of human bloods (see equation 



48 


HYDROGEN ION CONCENTRATION OF BLOOD 


(21)) are in dose agreement with each other. Hastings (quoted by 
Van Slyke, Wu and McLean, 1923, p. 800) has represented the relation 
on a D’Ocagne-Henderson line chart. The values for pK', we give 
in table 5, and for pK^P^^ in figure S. 

The technic which we employ for equilibration to known CO* 
tension and for calculation of data is summarized in a previous paper 
(Austin et al., 1922). 

COLORIMETRIC DETERMINATION OF PH 

Because of its simplidty and economy of material and time the 
direct determination of pH on blood plasma is the method of choice 
for clmical investigation. The prindple of the colorimetric method 
involves (1) handling of blood and plasma without loss of CO*, (2) 
either elimination of protein error by dialysis or correction for the 
protein error of the indicator. The colorimetric and electrometric 
methods applied to protein free salt solutions are in perfect agreement 
when suffident precautions are used to prevent loss of CO* (Cullen 
and Hastings, 1922). 

The blood may be dialyzed against neutral saline solution and the 
pH of this dialysate determined by use of an indicator. Levy, 
Rowntree and Marriott (1915) used this method and introduced the 
use of phenolsulphon^hthalem (phenol red) as indicator. These 
authors did not prevent loss of CO* so that their values did not repre¬ 
sent actual pH. Dale and Evans (1920) modified this method by 
preventing loss of CO*. Dale and Evans used neutral red and titrated 
a phosphate control to the same color. Lindhard introduced a micro¬ 
modification of Dale’s and Evan’s method. 

Cullen (1922) determined directly the pH of the plasma diluted 
1:20 with saline and determined by comparison with electrometric 
determination the total empirical correction for dilution, salt, protein 
and temperature. This method has proved convenient for both 
dinical and physiological studies. 

Blood is drawn without stasis or loss of CO* into a tube under paraffin 
oil containing oxalate to make 0.3 per cent. It is centrifuged in a 
stoppered tube completely filled with blood. Especial care is taken 
that neither the blood or plasma is ever exposed to air. One portion 
of plasma of from 0.2 to 1 cc. is transferred to 20 volumes of 0.9 per 
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cent NaCl solution containing phenol red, which is already covered 
with oil. Another portion is added to 0.9 per cent NaCl solution with¬ 
out indicator. The indicator NaCl solution is prepared by adding 
1.05 cc. of 0.04 per cent phenol red to 100 cc. NaCl solution and ad¬ 
justing with N/SO NaOH to pH about 7.5. Phosphate standards at 
0.05 pH intervals are used containing 0.01 cc. of 0.04 per cent phenol 
red per cubic ce ntim eter. The second sample of plasma in saline is 
used to superimpose the color of the serum upon that of the standard 
with indicator. The color of the plasma -H indicator tube is com~ 
pared with the combined colors of phosphate -i- indicator and diluted 
plasma in a Walpole comparator. For human plasma 

pHss- “ pHcoior at t" + 0.01 (t" - 20®) - 0.23 (IS) 

Where “pHss” is the pH of the undiluted plasma at 38“; “t“” is the 
temperature (15“ to 25“) of the phosphate standards and diluted serum 
when read; “pHooior” is the pH at 20“ of the phosphate standard which 
matches the plasma -t- indicator tube. 

Hawkins (1923) has found that the whole blood can be added 
directly to the saline before centrifuging, thus 0.25 cc. -b 5 cc. 
saline. The empirical correction “C” given in equation (15) as 
—0.23 varies with different species. The value for normal human 
plasma was found by Cullen (1922) to be —0.23 zb 0.04. The 
extent to which this correction varies under pathological conditions 
has not however been adequately determined. Not only is the 
average value for other species different but the individual vari¬ 
ation in some species, such as the dog, is apparently greater than 
in the human.*- Hastings, NeiU, Morgan and Binger (1924) foimd the 
average value for twelve pneumonia patients to be —0.27 ± 0.05. 
Recently Hastings and Sendroy (1924) report that reading both 
standard and diluted plasma at 38° eliminates this correction. We have 
found this to be true in some sera but not in aU. For the present we 
must look upon the magnitude of this correction whether the reading 
be made at 20“ or at 38“ as open to further investigation. Calculation 
of CO 2 tension may be made directly when total CO 2 and pH determi¬ 
nations have been made. 

* Attentioa was first called by M. A. Bennett (1925) to the importance of the -vari¬ 
ation in this correction. These variations were subsequently further studied 1^ 
Austin, Stadie and Bobrnson (1925). 



50 


HYDROGEN ION CONCENTRATION OF BLOOD 


SUMMARY OF EQUATIONS AND CONSTANTS FOR EXPRESSING RELATIONS 
BETWEEN CERTAIN FACTORS IN TBDE ACID BASE EQUILIBRIDM 


It seems desirable for convenience to gather together at this point 
certain relations between factors concerned in the acid base equilib¬ 
rium in the blood and used in the calculation of one from another. 

The Henderson-Hasselbalch equation for the relation between pH 
of serum or plasma and COj tension and COj content of the serum or 
plasma is: 


This may also be written 

pH, = pZ'a 4- log 


[CO.],-0.1316 «,pCOj 
0.1316 0!,pCOi 


(17) 


where for convenience, we express CO 2 tension in Tnilli-meters, instead 
of atmospheres so that pCOs = mm. CO 2 tension and 0.1316 a 
= -riva- [CO 2 ]. = [CO 3 ] (at 0", 760 mm.) of serum or plasma in vol¬ 
umes per cent. 

TABLE 5 


f 

0 1316 owater 

0,1316 Og (BOHR) 

0 1316 ttg (V. s. w. u.) 

IS 

0.1340 

0.1307 

0.1225 

20 

0.1156 

0 1128 

0.1057 

25 

0 0999 

0.0975 

0 0913 

30 

0.0875 

0.0855 

0.0800 

38 

0.0730 

0 0712 

0 0668 

45 

0.0630 

0 0614 

0 0576 

pK's at 38“. 


6.10 

6 07 


The values for « that have been employed in the past for serum or 
plasma are based on the observation of Bohr that a, = 0.975 a »,ter. 
More recently Van Slyke, Wu and McLean (1923) have found 
that the ratio of a, to awater is proportional to the concentration 
of water in the serum and they have found the average water content 
of serum to be 91.4 per cent. In table 5, we give both these values for 
a, and the corresponding values for pK',. In figure 7 we have plotted 
only Bohr’s values for 0.1316 a, since the pK', values in that figure 
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are calculated accordin^y. The value for pK'. for human serum or 
plasma at 38° we take as 6.10 with Bohr’s a, (CuUen, Keeler and 


f«B - pK'b 



Flo. 5 

By the courtesy of Drs. D, D. Van Slyke and A. B. Bastings were are permitted to 
include this graph prepared by them as a modification of figure 6b (Van Slyke, Wu, 
McLean, 1923). It permits the reading of pK's—pK'a for any oxygen capacity and pHa 
for both fully oxygenated and fully reduced blood with values at intermediate oxygenation 
hy interpolation. A straight line drawn through the known O 2 capacity (or Hb) and 
pH of serum values will intersect the pK-pK hnes at the appropriate correction values. 
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Robinson (1925)) or with the lower value for a* of Van Slyke, Wu and 
McLean the corresponding pK^ is lower by 0.028 or in round numbers 
6.07. 

The Henderson-Hasselbalch equation for the relation between pH 
of serum and the COa tension and CO 2 content of whole blood is: 


pH« =« pK's + log 


[COsja ^ 1316 ^spCOs 
0.1316GirBp^03 


(18) 


Constant values for pK/ and have commonly been employed in 
the past HifFerin g from pK', and a» by a constant increment. 
Since, however, these constants for blood differ from those for serum 
by an increment related to the proportion of cells in the blood, they 
can be stated to advantage as a function of the O 2 capacity of the 
blood. 

For this purpose we follow Van Slyke, Wu and McLean (1923) 
using their equation (30). This gives: 

(1-0.0067 h) Ob (19) 


Where h = oxygen capacity in volumes per cent. Using equation 
(19) to express the relation between a, and a we take as values for 
pK' -pK', the graph, figure 6b, from Van Slyke, Wu and McLean 
(1923). These values they point out agree with the data of Peters, 
Bulger and Eisenman (1923). 

By the courtesy of Drs. D. D. Van Slyke and A. B. Hastings we 
include a revised form of this graph as figure 5. 

The use of CO 2 content and COa tension of whole blood and equa¬ 
tion (18) to calculate pH, is open to much more rmcertainty in the 
values of the constants of the equation than is the use of CO 3 content 
of serum and equation (17). The latter course is to be preferred 
wherever possible; this is especially true when blood from different 
species is under study. 

In the study of the carbon dioxide absorption curve of blood we 
formerly required a knowledge of the COa content of a given sample 
of blood at three known COa tensions or at three pH values in order 
to plot the COa absorption curve. Subsequently, however, it was 
shown by L. J. Henderson (1921) and Warburg (1922) that with 
changing pCOa, [BHCOs] of blood plasma plotted against its pH is 
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approximately linear. Barcroft, Bock, Hill, Parsons, Parsons and 
Shoji (1922) showed that under the same conditions [CO 2 ] plotted 
agaiost [H'^] is approximately linear and Peters, Eisenman and 
Bulger (1923) showed that imder the same conditions log [COa] 
plotted against log pCOa is linear. Each of these methods make 
possible the determination of the COa absorption curve from a knowl¬ 
edge of COa content and either pCOa or pH at two COa tensions. 
Finally for human blood Peters, Bulger and Eisenman (1924) have 
shown that the slope of log [COa] against log pCOa can be approximated 
if the oxygen capacity be known, as follows: 

A [COJ - 0.334 h + 6.3 (20) 

where “^[COa] 6o-jo” is the increase in COa content in volumes 
per cent between pCOa = 30 mm. and pCOa = 60 mm., and “h” is 
the oxygen capacity expressed in volumes per cent. This permits the 
approximation of the COa absorption curve for human blood from the 
knowledge of the COa content at one pCOa. 

The level of true serum absorption curve above the blood curve at 
38® has been found by them to be at pCOa = 40 mm. 

[COa], = [COaln + (0.0159 [COJb - 0.281) h (21) 

XJsmg equations (17), (18), (19) and figure 5 one can calculate 
[COala—[COa] for a given blood at any COa tension and the result 
may be compared at pCOa = 40 with the value obtained by using 
equation (21). The calculated values for [COa].— [COa]B differ 
considerably, which is probably not surprising when the widely 
different kind of data on which the various constants are based is 
considered. The discrepancy emphasizes the need for further experi¬ 
mental study of the relation between blood and serum already pointed 
out by the authors of these equations in order to define the applic¬ 
ability and limitations of the relations expressed in equations (18), 
(19), (21) and figure 5. The slope of the true serum curve may be 
approximated from that of the blood curve by assuming that [C 02 ]s— 
[COa]B is the same at 30 and 60 mm. pCO* as at 40, or by assuming 

that log t" ~ B ^ pCOs = 60 and 0.01 

more at pCOa = 30 than at pCOa = 40. The result obtained by 
either method is substantially the same and is approximately con- 
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sisteat with the observed relations. The slope of the true serum 
curve ra n also be approximated by equation (20) for whole blood, 
given above. 

When the [COJb and [Os]b of blood as drawn is known and in addi¬ 
tion the oxygen capacity and CO 2 absorption curve of the blood, 
fully oxygeirated has been determined at body temperature in vitro 
and it is desired to determine the CO* absorption curve of the blood 
at the state of oxygen saturation as drawn, we may use the formula 
of Doisy, Briggs, Eaton and Chambers: at any pH OpH = X): 

[COJb — [COjjBt ^ f^2) 

lOi]aat — IOJb 

where [OJan = oxygen capacity. 

[0*]* •* ojygen content in the state of partial unsaturation. 

[COJttt =» CQ* content of blood, at pH = X, when saturated with 
oxygen. 

[CO*]b “ CO* content of blood, at pH = X, when at the oxygen 
satiuation indicated by [OjIb. 

[CO*] and [0*] must be expressed in the same units (volumes per 
cent, mM., etc). The CO* absorption curve of the oxygenated blood 
can then be raised at each pH to a level corresponding to that for 
the state of unsaturation as drawn and the [COJb as drawn inter¬ 
polated on this curve to obtain the pH as drawn, whence the pCO* 
can be calculated. 

Logarithmic paper ruled as suggested by Peters (1923) with pH 
lines is very useful in plotting CO* absorption curves. Such a chart 
can be prepared for serum but not to advantage for whole blood since 
for its preparation a constant value for a is necessary when pCO* 
is used as abscissae and also a constant value for pK', but both <xb 
and pK'b vary in different bloods according to the oxygen capacity. 

TEMPERATURE EFEECT 

In the biological studies thus far made, interest has centered almost 
exclusively upon the cause and effect of changes in [H+] under con¬ 
ditions of constant temperature or where at least change in tem¬ 
perature was not an essential feature of the conditions being investi¬ 
gated. This has been of importance, sometimes unrecognized, in 
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■view of certain limitations in the measurements of [H+] and in view of 
the relation between [H-*-] and [OH-]. 

For electrometric measurement of [H"!"] at any given temperature 
a value for [H"*"] of some standard solution must as we have already 
pointed out be more or less arbitrarily assigned for the temperature in 
question; then at the same temperature the ratio to this of [H+] of 
any other solution having been measured, its [H’'*] can be calculated 
with reference to the standard chosen. The various standards in use 
in this connection we have already discussed. 

The direct measurement with the gas chain of an unknown [H'^'] 
at one temperature against a standard [H"*"] at another temperature is 
without any physical significance and cannot be interpreted. For each 
temperature employed with the gas chain a new value for the [H'*'] 
of the standard solution or cell must therefore be assumed, or calcu¬ 
lated in accordance with some assumption, and no one basis for this 
assumption has been generally accepted in biological work. The 
relation of pH = 7.40 at 20° to pH = 7.40 at 38° is one, therefore, that 
can be stated only when one has defined the standard values employed 
at each temperature. 

The difficulty just stated is one of standardization of measurement. 
There is, however, a second factor to be considered in dealing with 
var 3 dng temperatures. In aqueous solution [H'^'] X [OH-] = and 
at any given temperature, Kw is constant. At constant temperature 
any increase in acidity always signifies a proportionate decrease in 
alkalinity. In considering the biological significance of a change of 
reaction we as a rule make no attempt to distinguish the importance 
of change in [H'^'] and [OH-] respectivdy, and at constant tem¬ 
perature such a distinction is of no great significance since they are 
inversely proportionate. 

When we deal with changing temperature the situation alters, 
however. With change in temperature Kw changes. With change 
in temperature it would be possible to have simultaneous increase in 
both [H-i"] and [OH-]; change in one no longer implies a reciprocal 
change in the other. Under these conditions in considering reaction 
we have three distinct factors we may consider 


(1) [H+-], (2) [OH-], (3) 
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When the ratio of 


[OHi 


1, the condition is by definition one of 


neutrality. 

The values for El», that is for the product [H+] X [OH“], at different 
temperatures have been calculated by Lewis and Randall (1923, 
p. 487) on the basis of Wormann’s determinations of heats of neutral¬ 
ization of strong adds and alkalies at various temperatures. Their 


PoH 



6.40 6.60 6.80 7.00 7.20 7.40 7.60 


Ph. 


Fig, 6. pH Against pOH at Vasyeng Tempebatukes 

The line of neutrality where pH — pOH at varjdng temperature. 

The shaded area is the normal pH, pOH and temperature range of serum. 

The curves show the effect of changing the temperature of a particular blood and its 
true serum at constant pCOa, at constant BHCOi and at constant total CO3. 

values have been used in construction of figure 6, which illustrates 
the relationships of fH+] and [OH~] at varying temperatures. It 
will be seen from figure 6 that a serum which at 38° has a pH of 7.40 
and apOH of 6.20 has the same value for pH-pOH and a pH equally 
removed from the neutral point as a serum at 41° with a pH of 7.36 
and a pOH of 6.16. 
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Ill biological studies under conditions of varying temperature we 
must determine, therefore, whether the significant factor is [H+l 

[H+] 

or [OH“] or the ratio of our logarithmic notation wiU be 



Fig. 7 


(1) a-serum values in above figure are those (Bohr) given in table 5, i.e, 0,1316 
and are used in the equation: 

[HaCOJ (vols. per cent) *> 0.1316 a pCOa 

(2) PK' serum in equation: 


using Bohr's <x . 


pH-pr. + logi^^Jl-pK-. + lo* 


[COa] - 0 ISldopCOs 
O.lSldopCOa 


(3) pN = pH at neutrality « pOH at neutrahty. pOH = 2pN — pH. 

(4) A pH at constant [BHCOa], permits construction of CO 3 absorption curve at 
changed temperature. 


accordingly pH or pOH or 1/2 [pH—pOH], the latter ejqpression 
measuring the increment of pH to the acid or alkaline side of the 
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neutral point at the temperature in question. Clark (1920) has pointed 
out that the neutral point although a convenient point of reference is 
not as a rule characterised by any striking change in chemical behavior. 
We may, however, expect to find in some reactions the major impor¬ 
tance attaching to pH and in others to pOH. 

In the study of blood add base equilibrium rmder conditions of 
varying temperature there are four variables of which the temperature 
coeffident must be taken into account. 

1. The solubility of COj. The solubility of COj in serum is given in 
table 5 and figure 7. So far as we know equation (19) is applicable 
at any temperature under consideration. 

2. The value of pK', at varying temperatures has been recently 
determined by Cullen, Keeler and Robinson (1925) and the result of 
their observations is given in figure 7. The observed change with 
temperature is only a little more than half that calculated by L. J. 
Henderson (1908) and by Stadie and Martin (1924) from the data in 
the literature upon the heat of ionization of HjCOs. The explanation 
for this discrepancy is not dearj possibly it lies in the choice of values 
for standardization of pH measurements at varying temperatures. 
In any case, however, the values shown in figure 7 are those which are 
consistent with our present methods and standardization in blood 
equilibrium studies. 

3. Change in the location of the COa absorption curve occurs due 
to different heats of ionization of protein adds and HaCOs. Or stated 
in other words the shift of the COa absorption curve is due to unequal 
changes in the pK'i and pi of equation (4a). Experimental data on 
the magnitude of this change is very scanty. Stadie and Martin have 
data which indicate that the COa absorption curves of whole blood are 
approximately paralld at 38® and at 15° and that the change in pH 
at the same [BHCOa] is given approximatdy by the equation 

ApH[BHCO.l = 0.02 (38° - t’) (23) 

Stadie, Austin and Robinson (1925) have foimd this factor to be 
0.02 i 0.003 for both whole blood and true serum in the dog and 
sheep. Stadie has observed the change for separated serum in the 
dog and sheep to be within these limits. 
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The advantage of considering the change in location of the CO 2 
absorption curve with change in temperature in terms of change of pH 
at constant [BHCOs] may be explained as follows: 

There is in a given sample of blood or serum a certain amount ol 
base combined with strong acids (chiefly Cl'). The amount of base 
bound by these acids is not significantly effected by change in tem¬ 
perature. The remaining base is bound by weak adds, chiefly protein 
adds and HCO»', in accordance with equation (4a), The values for pKi' 
and pi in this equation vary with temperature and unequally. If 
as an approximation we neglect the phosphates and assume that the 
base free to combine with weak acids is given by [BHCOs] + [BPr] it 
follows that when imder conditions of changing temperature we keep 
[BHCOs] of a sample of blood or serum constant we will also keep 
[BPr] constant. Under these conditions change in pH or [H+] is re¬ 
lated to change in pi with change in temperature as follows: 

. T r.1 


or 


pHt - pHt' = pi* - pit' 


Change in pH with temperature at constant [BHCOs] is therefore a 
measure of the change of pi of protein with temperature. It is 
reasonable to expect a reasonable constancy in the change of pi of 
blood proteins with temperature and hence of pH at constant [BHCOs] 
as indicated in equation (23). 

Accepting the value of 0.02 for A pH[bhcoJ tentatively for the present 
we indicate in figure 7 its magnitude at varying temperatures. It 
must be pointed out that if the pH at constant [BHCOs] with varying 
temperature is approximately the same for separated serum, true 
serum and whole blood, the A [BHCOs] at constant pH with varying 
temperature will be much less for separated serum than for true serum 
or for whole blood due to the difference in the slope of their respective 
buffer curves. 

The change in [BHCOs] with change m temperature at constant 
pCOs or at constant [H 2 COS] can be readily calculated from equation 
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16 and from the CO 2 absorption curve if the slope of the latter is known 
or can be approzimated. 

This relationship is shown in table 6. 

4. At constant temperature ApH = — ApOH = — A(pN—pH) 
where pN = pH at neutrality = pOH at neutrality = 1/2 pK water. 
The variation of pN with temperature (from pK^ calculated by G. N. 
Lewis) is shown in figure 7. At any temperature pOH => 2 pN—pH. 


TABLE 6 

Effed of change in temperature on pH. of true serum and separated serum various factors being 

kept constant 

(Calculated from equations (23) and (16)) 










ASSX7UED COKOmOH 

i 

M 

8 

A 

I 

E? 

m 

a 

H. 

ft 

a 

1 


True serum =—62 (t® constant) 

dpH 




vis. 

per 

cent 

mm. 

vis. 

per 

cent 

vis. 

per 

cent 




38* 

Initial 

54.1 

43.3 

3.07 

51 0 

6.100 

7.320 


41® 

Constant [BHCOa] 

54.4 

SI .2 

3.41 

51.0 

6 085 

7.260 

-0 060 

41® 

Constant pC02 

51.0 

43.3 

2.88 

48 1 

6.085 

7.308 

-0.012 

41 * 

Constant [HaCOal 

52.3 

46 0 

3 07 

49.2 

6.085 

7.290 

-0.030 


. ^ , d[BHCOj 

Sq>aiated serum = — 

dpH 

14 (1 

.® constant) 


38® 

Initial 

54.1 

43 3 

3 07 

51.0 

6.100 

7.320 


41® 

Constant [BHCOj 

54.4 

51.2 

3 41 

51 0 

6 085 

7,260 

-0.060 

41® 

Constant PCO 2 

S3 0 

43 3 

2.88 

SO 1 

6 085 

7.32S 

+0.00S 

41® 

Constant [HaCOj 

53 5 

46 0 

3.07 

SO 4j 

6 085 

7.300 

-0.020 




1.220 

1.175 

1.223 

1.205 


1.220 

1.175 

1.240 

1.215 


Therefore with change in temperature between IS® and 45® there is at 
constant pH the following change for each rise of 1®C. 

A (pN - pH) = -0.0143. 

ApOH = -0.0286 

Taking these four changes into account the relations for a particular 
true serum at 30°, 38® and 41° are shown in figures 6 and 8. The CO 2 
absorption curves in figure 8 represent the approximate calculated 
change in the true serum from the blood of W. C. S. from the data of 
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Fig. 8. The COa Absospxion Cheves eoe True Serum or the Same Blood ax Three 
Temperatures Are Shown 


An initial point is indicated on the 38° curve and on the other curves are indicated the 

(H+) 

points which have the same pH, pOH, p . > [BHCOa], [COJ and pCOa as the initial 
pomt. 
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Stadie and Martin (1924). It ■will be seen that when the blood tem¬ 
perature is inaeased from 38° to 41° and the COj tension is kept con¬ 
stant the following ensue: 


Slight leductioa of pH (slight increase of [H^]) 
Marked reduction of pOH (marked increase of [OH~]) 

[W] 

Marked decrease in the ratio , —s (pOH — pH) 


[Off-] 


Decreased COi capacity. 


Under these conditions fall in pH (increase in [H+]) does not mean 
diminished alkalinity. 

These rdations are also shown in figure 6. It ■wiU be seen that 
change in temperature at constant pCOs causes little change in pH 
but marked change in pOH. On the other hand change in tem¬ 
perature at constant [COa] or [BHCOs] causes marked change in pH 
and little change in pOH. These data permit us to apply our methods 
of calculating to the case of febrile blood or to blood from chiUed or 
heated extremities. 

When blood is obtained at a tmnperature other than 38° and its 
[COJ determined and in addition its COa absorption curve at 38° 
is determined the foUowing corrections must be introduced to deter¬ 
mine pCOa and pH as drawn: 


1. Rdocation of curve for unsaturation (equation (22)) 

2. Relocation of curve for temperature (equation 23 or A pH at con¬ 

stant BHCOa from figure 7) 

3. Use of ag pR'a a^id pN for appropriate temperatmre (see figure 7). 

When blood is obtained at a temperature other than 38° and its [COa] 
determined and its pH at 38°, the correction to original pH is given by 
equation 23. This equation is at present an approximation only and 
can therefore be used for constant [COa] as well as for constant 
[BHCO,]. 


We are indebted to Mr. H. W. Robinson for assistance in the preparation 
of the graphs. 
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A,B.C. See Add Base Condition 
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Add, administration, effects of, 17 
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Excretion of, 6, 20, 28,39 
Loss of, 19,28,33 
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Addity, 2, 56 
Measure of, 3 
Addosis, 20,28,39 
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Experimental, 17 ' 

of anesthesia, 35,36 
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of cyanide poisoning, 25 
of diabetes, 23 
of exerase, 39 
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of renal disease, 19, 22 
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true and compensated, 15, 22, 23, 28 
Activity, definition, 8 
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Definition, 15 
Effects of increased, 26, 30 
Alkali reserve, 15,18,19, 23, 35 
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Alkalosis, 15, 28,33 
Definition, 15 
Effects of, 26, 33 
of pyloric obstruction, 19, 33 
Experimental, 19 


of Insulin stupor, 23 
of tetany, 29 
of hemorrhage, 33 
of radiation, 28,34 
Ammonium chloride effects of, 18 
Anaphylactic shock, 26 
Anesthesia, effect of, on add base equilib¬ 
rium, 35 

Anoxemia, effects of, 25 
Arsenic, 25 

/3, definition of, 5 
Bicarbonate, of blood, 9 
of serum, 9 

Blood pressure and add base equilib* 
rium, 27 

British National Beseaxch Council, Report 
on addosis, 15 

Caldum chloride, effect of, 18 
Caldum ion, 27,30,32 
Cantharidin, 25 

Capillary poisons and add base equilib- 
rium, 25 

Carbonic add, as a buffer, 4 
Heat of ionization of, 58 
Carcinoma, 34 
Cardiac disease, 22 
CO» absorption curve, 7, 28, 47, 52 
Effect of oicygen unsaturation on, 51, 54 
Effect of temperature on, 58 
from one point, 53 
COa capadty. See Alkaline reserve 
Definition of, 7 

COa dissociation curve. See COa absorp¬ 
tion curve 

COa solubility coeffident, 50 
Effect of temperature on, 50, 58 
in whole blood, 52, 58 
COa tension, 11, 15, 20, 23, 27, 28, 40, 44 
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Cyanide, poisoning, 25 
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Effect of temperature on, 55, 60 
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Equations for calculating add base equi* 
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Exercise, effects of, 26, 28 
in anesthesia, 39 

Fasting, 16, 24, 28,38 
Fever, 41 
Formic add, 39 
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Effects of temperature on, 55 
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Lactic add and add base equilibrium, 17, 
25,28,36 

Lead poisoning and add therapy, 19 
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Experimental, 21 
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Gasometric, calculation, 47 
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of serum, 9, 50 
Effect of temperature on, 60 
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Normal, 12 
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Regulation of, 5, 11 
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Excretion of, 18, 36 
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Pregnancy, 42 
Protein, as-a buffer, 4 
Effect of temperature on, 59 
Heat of ionization of, 58 
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Quinhydrone electrode, 46 
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Rheumatic fever, 24 
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Sunlight, effects of, 34 
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Effect of temperature on, 55, 60 
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